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lists periodicals to which reference has been made throughout the 
book. 

Parts II, III, IV, and V of the bibliography are each divided into 
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of the books. 
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I N 1948 I was asked to deliver the Charles Beard Lectures 
at Ruskin College, Oxford. The subject I chose was 
‘‘ Science in Social History.” It was one that had interested 
me for many years and there seemed no difficulty in presenting 
it to an intelligent and unspecialized audience. When I came 
to give the lectures, and still more when I undertook to present 
them in book form, I began to realize that I had opened a 
subject that required far more study and hard thinking than I 
had given it up till then. It was, however, one far too fascina¬ 
ting to put down, and I decided to persevere in it. The first 
result of that intention is this book, one which I hoped to 
prepare in three weeks but which has already taken me twice 
that number of years. It is only now that I am beginning to 
understand what are the problems of the place of science in 
history, though at the outset I felt that I already held the 
solution. 

Scientists in the past were able to neglect all but their 
immediate predecessors’ work and even to reject the traditions 
of the past as more likely to block than assist progress. Now, 
however, the troubles of the times, together with the inescapable 
connection between them and the advance of science, have 
focused attention on the historical aspect of science. To find 
how to overcome the difficulties that face us and to release 
the new forces of science for welfare rather than destruction, it is 
necessary to examine in a new manner how the present situation 
came about. 

In the last thirty years, largely owing to the impact of 
Marxist thought, the idea has grown that not only the means 
used by natural scientists in their researches but also the very 
guiding ideas of their theoretical approach are conditioned by 
the events and pressures of society. This idea has been violently 
opposed and as energetically supported; but in the contro¬ 
versy the earlier view of the direct impact of science on society 
has become overshadowed. It was my purpose to emphasize 
once more to what extent the advance of natural science has 
helped to determine that of society itself; not only in the 
economic changes brought about by the application of scientific 
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discoveries^ but also by the effect on the general frame of thought 
of the impact of new scientific theories. 

I soon founds however^ that this involved far more than 
drawing up a catalogue of inventions and hypotheses and 
illustrating by examples how these affected economic and 
political developments. This had been done often enough 
already. If anything new and significant was to be hoped for 
nothing less would be adequate than a complete re-examination 
of the reciprocal relations of science and society. It would be 
as one-sided to assess the effects of science on society as of 
society on science. 

Nor would it be enough to confine the inquiry to recent 
times. This might have sufficed if all that was sought was the 
effects of the material changes in the pattern of life brought 
about in the Industrial Revolution and at an accelerated pace 
ever since. But if in addition it was necessary to seek to discover 
how the advance of science had altered the whole frame of 
human thought^ it would also be necessary to go back through 
the great controversies of the Renaissance about the nature of the 
heavens^ and then still farther back to the Ancients^ without 
whose theories the controversies would have no meaning. 

There was nothing for it but to attempt to trace the whole 
story from the very origins of human society. This involved 
a parallel study of all social and economic history in relation 
to the history of science^ a task well beyond the scope of any 
individual^ even of those who have devoted their whole lives to 
historical studies. For a busy scientist untrained in the tech¬ 
niques of historical research it would he sheer presumption to 
attempt a serious full-scale analysis and presentation of this 
aspect of history. Yet there seemed some excuse for making a 
first attempt to sketch out the fields if only to stimulate^ through 
its omissions and errors^ others more leisured and better 
qualified to produce a more authoritative picture. Moreover, 
there was a compensating advantage in the position of a working 
scientist who has lived long enough to have followed through, 
and even participated in, the scientific movements of critical 
periods, both of science and of social change. I have indeed 
been exceptionally fortunate in having first-hand experience 
in the carrying out and organization of scientific work, and in 
seeing it called for and used for practical purposes both in 
peace and in war. 

It is in the light of that experience that I have attempted to 
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evaluate the conditions and attitudes that have prevailed inside 
and outside science in other times. No attempt is made here 
to present a chronologically uniform picture. The present 
century has witnessed such an immense upsurge of science and 
has seen that science used so rapidly and to such effect—to cite 
no other examples than penicillin and the atom bomb—that 
consideration of the development of twentieth-century science 
has required a good half of the book. Here the scientist of the 
day is in as good a position as the historian^ and every reader 
can criticize from his own experience. 

Science throughout is taken in a very broad sense and no¬ 
where do I attempt to cramp it into a definition. Indeed, 
science has so changed its nature over the whole range 
of human history that no definition could be made to fit. 
Although I have aimed at including everything called science, 
the centre of interest of the book lies in natural science and 
technology because, for reasons that will be discussed, the 
sciences of society were at first embodied in tradition and ritual 
and only took shape under the influence and on the model of 
the natural sciences. The theme which constantly recurs is the 
complex interaction between techniques, science, and philo¬ 
sophy. Science stands as a middle term between the established 
and transmitted practice of men who work for their living, and 
the pattern of ideas and traditions which assure the continuity 
of society and the rights and privileges of the classes that make 
it up. 

Science, on the one hand, is ordered technique; on the other, 
it is rationalized mythology. Because it started as a hardly 
distinguishable aspect of the mystery of the craftsman and the 
lore of the priest, which remained separate over most of recorded 
history, science was long in establishing any independent 
existence in society. Even when it did find its own specific 
adepts in medicine, astrology, and alchemy, these formed for 
many ages a small group parasitic on wealthy princes, clerics, 
and merchants. It is only in the last three centuries that 
science has become traditionally established as a profession in 
its own right, with its specific education, literature, and fellow¬ 
ship. Now, in our own time, we are witnessing a beginning of a 
return to the earlier state of humanity through a general per¬ 
vasion of science into all forms of practical activity and thought, 
bringing together once more the scientist, the worker, and the 
administrator. 
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The progress of science has been anything but uniform in 
time and place. Periods of rapid advance have alternated 
with longer periods of stagnation and even of decay. In the 
course of time the centres of scientific activity have been 
continually displaced^ usually following rather than leading 
the migration of the centres of commercial and industrial 
activity. Babylonia^ Egypt^ and India have all been the 
foci of ancient science. Greece became their common heir, 
and there the rational basis for science as we know it was first 
worked out. That forward movement of human thought came 
to an end even before the final decay of the classical city States. 
There was little place for science in Rome and none in the 
barbarian kingdoms of western Europe. The heritage of 
Greece returned to the East from which it had come. In Syria, 
Persia, and India, even in far-away China, new breaths of science 
stirred and came together in a brilliant synthesis under the banner 
of Islam. It was from this source that science and techniques 
entered medieval Europe. There they underwent a develop¬ 
ment which, though slow at first, was to give rise to the great 
outburst of creative activity which resulted in modern science. 

An unbroken and active tradition links us with the revolu¬ 
tionary science of the Renaissance, though we can distinguish in 
its development four major periods of advance. The first, 
centred in Italy, produced the renewal of mechanics, anatomy, 
and astronomy with Leonardo, Vesalius, and Copernicus, des¬ 
troying the authority of the Ancients in their central doctrines 
of man and the world. The second, spreading now to the Low 
Countries, France, and Britain, beginning with Bacon, Galileo, 
and Descartes, and ending in Newton, hammered out a new 
mathematical-mechanical model of the world. After an 
interval, the third transformation, centred in industrial Britain 
and revolutionary Paris, opened to science areas of experience, 
such as that of electricity, untouched by the Greeks. It was then 
that science could help in a decisive way with power, machinery, 
and chemicals, to transform production and transport. The 
fourth and greatest of all in extent and effect, if not in intrinsic 
intellectual performance, is the scientific revolution of our own 
time. We are witnessing the beginning of a world science, 
transforming old and creating new industries, permeating every 
aspect of human life. It is now also, during this period of 
transition, that we find science directly involved in the violent 
and terrible drama of wars and social revolution. 
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It is by now apparent that each of these great periods of 
science corresponds to one of social and economic change. 
Greek science reflects the rise and decline of the money- 
dominated^ slave-owning iron age society. The long interval 
of the Middle Ages marked the growth and instability of feudal 
subsistence economy with little use for science. It was not 
until the bonds of feudal order were broken by the rise of the 
bourgeoisie that science could advance. Capitalism and modern 
science were born in the same movement. The phases of the 
evolution of modern science mark the successive crises of 
capitalist economy. The first two periods coincide with its early 
battles and its first success in establishing itself as the dominant 
economy in Holland and Britain. The third ushered in the 
factory system and seemed to forecast the triumph of a pro¬ 
gressive capitalism allied to science. By the time the last 
had come capitalism was already overgrown and over-reaching 
itself^ and the new form of socialism was visibly struggling 
to replace it and to take over^ in order to use in its own way the 
now proved forces of science. 

To write this^ however^ is only to begin to state the problem. 
These rough equations between social and scientific develop¬ 
ment give rise to one central question. How in detail does a 
social transformation affect science ? What gave the science of 
ancient Athens^ of Renaissance Florence^ of eighteenth-century 
Birmingham and Glasgow^ its particular drive and novelty? 
How, conversely, did the achievements of the scientists of those 
times and places affect the industry, the commerce, the politics, 
and religion of their contemporaries? How much of that 
effect was permanent and how much a passing fashion ? These 
are questions which I have examined and attempted to answer 
in this book. 

I have tried, in doing this, to take into account as many as I 
could of the relevant factors. I have tried to determine and 
describe the technical possibilities and limitations of each 
period, the degree of economic incentive for urging on and fixing 
securely the advances that were made. But advances are not 
made by impersonal forces, but by living men and women. 
Their lives and livelihoods, their motives, the relations with the 
political movements of the time, had all to be considered. It 
was necessary to estimate from their works and writings how far 
they were stimulated, or how far retarded, by the ideas they drew 
from old traditions or from the active controversies of their times. 
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At every turn this conflict between the forces tending to 
advance and those tending to retard science comes into pro¬ 
minence. We can perceive the positive progressive forces 
breaking through at the beginning of eacli critical advance^, and 
the regressive forces of pedantry and obscurantism reasserting 
themselves at its close. Yet in each case the circumstances are 
different and require a separate examination. 

It would be absurd to expect to find any simple explanations 
of the critical phases of the development of science. Never¬ 
theless merely to bring out the connections between social, 
technical, and scientific factors should be enough to lead to 
further study and to a deeper, even if unformulated under¬ 
standing. I know myself that this returning to the past has 
inevitably coloured my comprehension of the present and my 
ideas of the future path of science. True, in science, more 
perhaps than in any other field of human enterprise, progress 
is possible, and has indeed largely occurred, without any know¬ 
ledge of history; but that knowledge is bound to affect the 
future direction and course of science and, if the lessons of the 
past have been well read, progress will be quicker and surer. 

This book represents a first attempt to put down in order 
some of these lessons of the past. It is not, nor is it intended to 
be, another history of science, though it must needs set out 
again much of that history and refer to more. Its aim is to 
bring out the influence of science upon other aspects of history, 
whether direct or indirect, through its effect on economic 
changes, or through its influence on the ideas of the ruling 
classes of the day or of those who are striving to supplant them. 
But, as will be seen, these influences are rarely clear-cut, nor are 
they usually one-way influences. Often enough the ideas 
which the statesmen and divines think they have taken from the 
latest phase of scientific thought are just the ideas of their class 
and time reflected in the minds of scientists subjected to the 
same social influences. Certainly much of the influence of 
Newton and Darwin in Britain was of that character, but this 
did not prevent them from being revolutionary when they were 
presented against a different social background in other 
countries. 

The more I followed up the social historical interactions of 
science the closer knit they appeared. I began to see some¬ 
thing of the size and intricacy of the task I had attempted and 
the absolute impossibility of presenting at the same time a fully 
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convincing and intelligible picture. If I did not put in 
enough I should be accused of imposing ready-made solutions; 
if I put in too much the reader would lose the clue in a mass of 
detail. I have sought the best compromise I could find^ but 
what I have managed to produce is admittedly less well 
documented and less closely argued than the finished work I 
originally planned. It will succeed in the measure that the 
reader can follow the course of the history traced out. Rather 
than assenting to any particular conclusion of mine^ I would 
wish him to look at history in a new way, to make his own 
discoveries and frame his own theories. 

Length and time imposed severe limitations. I must write 
a book, not an encyclopaedia, and I must bring it to an end 
in a finite number of years. These, and the fact that I have 
never been able to find any continuous stretch of time for 
writing but have had to take it up and drop it at odd intewals, 
are responsible for some of its defects, of which no one can be 
more aware than 1 . I know that the history is full of omissions 
and errors in detail that could have been put right had I had 
the time and the scholarship to discover and deal with them. 
I hope vigilant readers will point them out and not dismiss the 
whole work because in some field in which they have a special 
competence they have found me straying. What I must hope 
is that these errors as to established facts, as well as other errors 
which stem from gaps in the record, will not radically affect the 
validity of the theses I am sustaining. No scientist can be, 
nor can he seriously want to be, guaranteed against reversals of 
judgment in the long run. All he can hope for, as I do, is to 
establish enough valid and significant connections between 
facts, even if they arc later overthrown, to serve as a basis for 
finding new facts and new connections. 

The plan of the book was originally determined by that of the 
lectures from which it grew, but each lecture became first a 
chapter and has then swollen into a part containing a number 
of chapters. The introductory chapter (Part I, Chapter i) 
is one in which the major problems arc stated, and there is 
some discussion in general on the nature and method of science 
and on its place in society. Because of its somewhat abstract 
character non-scientists might be advised to leave it until after 
reading the historical and descriptive portions. Those contained 
in Parts II, III, IV, and V, making up the first half of the book, 
deal with the whole range of history from the dawn of human 
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society to the eve of the twentieth century. Part II, Chapters 
2, 3, and 4, deals with the emergence of science from its 
forerunners in technique and social custom to its full formula¬ 
tion in the hands of the Greeks. This first effort was stifled in 
the time of the Roman Empire. In Part III, Chapters 5 and 
6 deal with the recovery and slow growth of a science and 
technology, part Greek, part Indian, and part Chinese in 
inspiration, through Islam and Christendom, to the end of 
the Middle Ages. 

Part IV, which contains only Chapter 7, deals with the birth 
of modern science in the great revolutionary epoch of the 
Renaissance. It ends in the seventeenth century with a renewed 
science closely linked with a young and assertive capitalism. 
Part V, Chapters 8 and 9, is mainly the record of the spread of 
an established science and its share in the transformation of 
industry in an era of capitalist domination up to the illusory 
golden age of the end of the nineteenth century. 

The remainder of the book is nearly all devoted to the 
twentieth century and largely to contemporeiry science and 
politics. Here, owing to the enormously increased scale of 
science and to its far greater and more direct impact on the 
social scene, it is necessary to introduce a division, not by time, 
but by subject. After an introduction to Part VI, Chapter 10 
deals with the physical sciences, with the growth of the electrical 
and chemical industries, and with the culminating achievement, 
for ill or good, of the hydrogen bomb. Chapter 11 deals with 
the biological sciences and their impact on agriculture, medicine, 
and warfare. Chapters 12 and 13 enter the disputed field of 
the social sciences, which for continuity needs to be traced back 
beyond the confines of the century. In all the historic chapters, 
2-13, the plan is first to present a picture of social and scientific 
development of each successive period, and then to bring out 
the relations between them. The last Part, VII, Chapter 14, 
attempts to summarize and draw conclusions, with an eye to the 
future, from the whole of histoiy. 

The scope is evidently comprehensive, but to obtain the results 
aimed at this is necessary. A partial account or a detailed 
study would miss the point of presenting the total picture. 
Inevitably such an account must take for granted all that went 
on before, after, and beside them, and it is just this questioning 
and exposure of what is taken for granted that is the object of 
writing this book. Even to leave out remote and uncertain 
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origins would not do^ for, as I hope to show^ much of what is 
obscure and difficult in the science of our times and in its social 
context depends on attitudes and institutions passed down from 
those times. 

No more need be written here. The book itself is the only 
test of whether I have succeeded in what I set out to do and to 
what degree it was worth doing. 


London^ 

April, ig54 


J. D. B. 
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Part I 


THE EMERGENCE AND CHARACTER 
OF SCIENCE 


Chapter 1 
INTRODUCTION 

T his book is an attempt to describe and to interpret the 
relations between the development of science and that 
of other aspects of human history. Its ultimate object 
is to lead to an understanding of some of the major problems 
which arise from the impact of science on society. Civilization 
as we know it today would, in its material aspects, be impossible 
without science. In its intellectual and moral aspects science 
has been as deeply concerned. The spread of scientific ideas has 
been a di'cisive factor in remoulding the whole pattern of 
human thought. Especially do we find in the conflicts and 
aspirations of our time a continual and growing involvement of 
science. Men live in fear of destruction by the atom bomb 
or biological weapons; in hope of living better lives through 
the application of science in agriculture and medicine. The 
very division of the world into the two major camps of widely 
differing ideologies is in part a consequence of science. With it 
has gone the growth of very different ideas about the purposes 
and the methods of science itself. 

The march of events brings before us, ever more insistently, 
problems about science such as: the proper use of science in 
society, the militarization of science, the relations of science to 
governments, scientific secrecy, the freedom of science, the place 
of science in education and general culture. How arc such 
problems to be solved? Attempts to solve them by appeals 
to accepted principles or self-evident truths have led so far only 
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to confusion. They can give no dear answer, for instance, as to 
the responsibility of the scientist to the tradition of science^ to 
humanity, or to the State. In a rapidly changing world little 
can be expected from ideas taken unaltered from a society that 
has vanished beyond recall. But this is not to say that the prob¬ 
lems are insoluble, and in consequence to lapse into the impotent 
pessimism and irrationality that are so characteristic of in¬ 
tellectuals in capitalist countries today.Ultimately these 
problems must be solved and will be answered in practice in 
the process of finding the way of using and developing science 
most harmoniously and with the best results for humanity. 
Already much experience has been gained in countries where 
science has been consciously devoted to the tasks of construction 
and welfare. Even in Britain and America the experience of 
the use of science in war and war preparation has taught 
scientists something of what could be done in peace. 

But experience by itself is not enough, and indeed it can never 
operate alone. Consciously or unconsciously it is bound to be 
guided by theories and attitudes drawn from the general fund 
of human culture. In so far as it is unconscious, this depen¬ 
dence on tradition will be blind and will lead only to the 
repetition of attempted solutions that changed conditions have 
made unwmkable. In so far as it is conscious, it must involve a 
deeper knowledge of the whole relation of science to society, 
for W'hich the first requirement is the knowledge of the history 
of science and of society. In science, more than in any otlier 
human institution, it is necessary to search out the past in 
order to understand the present and to control the future. 

Such an assertion would, at least until recently, have received 
scant support from working scientists. In natural science, and 
especially in the physical sciences, the idea is firmly held that 
current knowledge takes the place of and supersedes all the 
knowledge of the past. It is admitted that future knowledge 
will in turn make present knowledge obsolete, but for the 
moment it is the best available knowledge. All useful earlier 
knowledge is absorbed in that of the present; what has been 
left out are only the mistakes of ignorance. Briefly, in the 
words of Henry Ford, “ History is bunk.” 

Fortunately more and more scientists in our time are begin¬ 
ning to see the consequences of this attitude of neglect of history, 
and with it, necessarily, of any intelligent appreciation of the 
place of science in society. It is only this knowledge that can 
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prevent the scientists^ for all the prestige they enjoy^ being 
blind and helpless pawns in the great contemporary drama of 
the use and misuse of science. It is true that in the recent past 
scientists and people at large got on very nicely in the comfort¬ 
able belief that the application of science led automatically to a 
steady improvement in human welfare. The idea is not a very 
old one. It was a revolutionary and dangerous speculation in 
the days of Roger Bacon (p. 226) and was first confidently 
asserted by Francis Bacon (pp.304f.) 300 years later. Itwasonly 
the immense and progressive changes in science and manu¬ 
facture that came about with the Industrial Revolution that 
were to make this idea of progress an assured and lasting truth— 
almost a platitude (p. 488)—in Victorian times. It is certainly 
not so now, in these grim and anxious days, when the power 
that science can give is seen to be more immediately capable of 
wiping out civilization and even life itself from the planet than 
of assuring an uninterrupted progress in the arts of peace. 
Though even here doubt has crept in and some neo-Malthusians 
fear that even curing disease is dangerous on an overcrowded 
planet (p. 680). 

Whether for good or ill the importance of science today 
needs no emphasizing, but it docs, just because of that impor¬ 
tance, need understanding. Science is the means by which the 
whole of our civilization is rapidly being transformed. And 
science is growing; not, as in the past, steadily and imper¬ 
ceptibly, but rapidly, by leaps and bounds, for all to see. The 
fabric of our civilization has already changed enormously in our 
own lifetimes and is changing more and more rapidly from year 
to year. To understand how this is taking place it is not 
sufficient to know what science is doing now. It is also essential 
to be aware of how it came to be what it is, how it has responded 
in the past to the successive forms of society, and how in its turn 
it has served to mould them. 

Some people take it for granted that, because science is 
affecting our lives more and more, it follows that the scientists 
themselves are in effective control of the mechanism of civiliza¬ 
tion and that in consequence they are immediately and largely 
responsible for the evils and disasters of our time. Most of 
those actually working in science know well enough how far 
this belief is from the truth. The use to which the work of the 
scientists is put is almost completely out of their hands. The 
responsibility of the scientists remains, therefore, a purely 
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moral one. Even that responsibility is usually evaded in the 
tradition of science by the exaltation of the disinterested search 
for truthj irrespective of any consequences that may arise from it 
This convenient evasion of responsibility^ as we shall see (p. 4^5)^ 
worked well enough as long as general social progress, largely 
thanks to science, seemed to be the order of the day. Then the 
scientist could identify himself reasonably easily with the 
current economic and political trends and be happy enough 
to be left alone to pursue his freely chosen path. But in the face 
of a world of increasing want, misery, and fear, and one too 
where science itself is more and more directly involved in the 
more unpleasant aspects of warfare, this attitude is beginning to 
break down. The moral responsibility of the scientist in the 
world of today is difficult to evade. 

The alternative is not irresponsibility, but a more conscious 
and active social responsibility where, on the one hand, science 
can make an explicit contribution to the planning of industry, 
agriculture, and medicine, for ends of which the scientist can 
fully approve ; and where, on the other hand, science can be so 
extended and transformed as to become an integral part of the 
life and work of all. 

The change from a socially irresponsible to a socially respon¬ 
sible science is one which is only just beginning. Its nature and 
directives are not yet fully formulated. It is only one aspect, 
though a vital one, of the major social transformations from 
an economy motivated by individual acquisitiveness to one 
directed to common welfare. This is going to be one of the 
most momentous changes in the whole of human history, and 
hence it is of the utmost importance that it should be fully 
debated and well understood in advance, for it contains great 
dangers as well as unlimited possibilities. It is the need to 
achieve this transformation in the best way, and to secure the 
intelligent utilization of science at every stage in it, that is the 
strongest reason for the study of the relations of science and 
society in the past, for only through this study can it be 
adequately understood. 

Aspects of science 

Before beginning this inquiry something must be said on the 
meaning and scope of science itself. Now of course it might 
seem most natural and convenient to start with a definition of 
science. Professor Dingle, in his extensive review of my 
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book The Social Function of Science, demands that this should be 
done. According to him, the writer should begin 

by identifying this phenomenon and delineating as clearly 
as possible what it was in itself, apart from any function 
it might have or any relation in which it might stand to 
other phenomena; and he would then proceed to consider 
the part it played, or could play, in social life. 

My experience and knowledge have convinced me of the 
futility and emptiness of such a course. Science is so old, it has 
undergone so many changes in its history, it is so linked at 
every point with other social activities, that any attempted 
definition, and there have been many, can only express more or 
less inadequately one of the aspects, often a minor one, that it 
has had at some period of its growth. Einstein has put 
this point in his own way: 

Science as something existing and complete is the most 
objective thing known to man. But science in the making, 
science as an end to be pursued, is as subjective and 
psychologically conditioned an any other branch of human 
endeavour—so much so, that the question “what is the 
purpose and meaning of science?’’ receives quite different 
answers at diff erent times and from different sorts of people. 

To a human activity which is itself only an inseparable aspect 
of the unique and unrepeatable process of social evolution, the 
idea of definition docs not strictly apply.^-^ 

More than any other human occupation, science is, by its 
very nature, changeable. It is also, as one of the latest achieve¬ 
ments of humanity, changing most rapidly. Nor has it long had 
a separate existence. At the dawn of civilization it was only 
one aspect of the work of the magician, the cook, or the smith. 
It was not until the seventeenth century that it began to achieve 
an independent status; and that independence may itself be 
only a temporary phase. In the future it may well be that 
scientific knowledge and method will so pervade all social life 
that science will once again have no distinct existence. Since a 
definition is intrinsically impossible, the only way of conveying 
what is being discussed in this book as science will need to be an 
extensive and unfolding description. This will be the task of 
the later chapters, but here, as a clue to the more detailed 
treatment, is an attempt to analyse in a few words the major 
aspects in which science appears in the contemporary world. 
Science may be taken, (i.i) as an institution; (1.2) as a 
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method; (1.3} as a cumulative tradition of knowledge; (1.4) as 
a major factor in the maintenance and development of pro¬ 
duction; and (1.5) as one of the most powerful influences 
moulding beliefs and attitudes to the universe and man. 
In 1.6 the interactions of science and society are discussed. 
By listing these different aspects of science I do not intend to 
imply that there arc as many different “ sciences.” With any 
concept so wide-ranging in time, connection and category, 
multi}>li(:ity of aspect and reference must be the rule. The 
word science or scientific has a number of different meanings 
according to the context in which it is used. Professor Dingle 
took the trouble to list ten of these taken from my book. In 
one case cited by him science is being contrasted with engineer¬ 
ing, a matter of the degree of practical application ; in another, 
the scientific method as a means of verification is contrasted 
with the intuitive recognition of discovery. All are significant 
uses of the word science, but to extract the full meaning from 
them, they need to be linked together in a general picture of 
the development of science. Of th(^ aspects listed above, those 
of science as an institution and as a factor in production belong 
almost exclusively to modern times. The method of science 
and its influence on beliefs date back to Greek times, if not 
earlier. The tradition of knowledge passed on from parent to 
child, from master to apprentice, is the very root of science, 
existing from the earliest ages of man and long before science 
could be considered as an institution, or could have evolved a 
method distinct from common sense and traditional lore. 

i.i - SCIENCE AS AN INSTITUTION 

That science is an institution in which tens and even 
hundreds of thousands find their profession is a very recent 
development. It is only in the twentieth century that the pro¬ 
fession of science has come to compare in importance with the 
far older professions of the Church and the Law. It is also 
being recognized as something distinct from, though allied to, 
those of medicine and engineering, which are themselves 
becoming at the same time less dependent on tradition and more 
permeated by science. Its growing association with the 
specialized professions has tended to accentuate the separation 
of science from the common avocations of society. We shall 
have much to say in later chapters of the origin of this separa- 
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tion and of its dependence on the economic functions of science. 
It is sufficient here to draw attention to the fact that it exists 
most markedly in capitalist countries. Today^ to many people 
outside its discipline, science appears to be an activity carried 
on by a sort of people, the scientists. The word itself is of no 
great age. Whewell first used the word “ scientist” in 1840 
in his Philosophy of the Inductive Sciences : ‘‘We need very much a 
name to describe a cultivator of science in general. I should 
incline to call him a Scientist.” These people are thought of as 
rather set apart: some working in obscure and inaccessible 
laboratories with strange apparatus, others occupied in intricate 
calculations and arguments, and all using languages which only 
their colleagues understand. This attitude has, in fact, some 
justification; while science grows and influences our daily lives 
more and more, it is not becoming more readily understandable. 
The actual practitioners of the several sciences have, in the 
course of time, moved almost imperceptibly into realms where 
they find it necessary to create special languages to express the 
new things and relations that they discovered, and have in the 
main not bothered to translate even the more interesting part 
of their work into ordinary language. Science has already 
acquired so many of the characters of an exclusive profession, 
including that of long training and apprenticeship, that it is 
popularly more easy to recognize a scientist than to know what 
science is. Indeed, an easy definition of science is what 
scientists do. 

The institution of science as a collective and organized body 
is a new one, but it maintains a special economic character 
that was already there in the period when science was advanced 
by the separate efforts of individuals (p. 287). Science, how¬ 
ever, differs from all other professions in that, in general, its 
practice has no immediate economic value. A lawyer can 
plead or give a judgment, a doctor can cure, a minister can 
conduct a marriage or give spiritual consolation, an engineer 
can design a bridge or a washing machine—all things for 
which people are willing to pay on the spot. They are to that 
extent free professions in that they can demand what the 
market can bear. The separate productions of science, apart 
from certain immediate applications, are not saleable, even 
though in the aggregate and in a relatively short time they 
may, by incorporation into technique and production, bring 
into being more new wealth than all the other professions 
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combined. As a result^ the problem of how to live has always 
been the first preoccupation of the scientist^ and the difficulty 
of solving it has in the past been the primary cause that has 
held up scientific advance and is still, though to a lesser degree, 
holding it up today (p. 904). 

In earlier times science was largely a part-time or spare¬ 
time occupation of people of wealth and leisure, or of well-off 
members of the older professions. The professional court astro¬ 
loger was as often as not also the court physician (p. 197)- 
This inevitably made it a virtual monopoly of the upper or 
middle classes. Ultimately both the tasks and rewards of 
science derive from social institutions and traditions, including, 
with more and more importance as time goes on, the institution 
of science itself. This is not necessarily a derogation of science. 
The social direction of science has been, at least until the 
recent drive for its militarization, a general and unexacting 
one, and may actually help an imaginative mind by forcing it 
to keep its attemtion on limited aspects of accessible experience. 
Thus, as we shall see (p. 334), the search for the longitude was a 
fertile social directive in the physics and astronomy of the 
seventeenth and eightec'nth centuries, as was the search for 
antibiotics in the twentieth. 

The real derogation of science is the frustration and per¬ 
version that arise in a society in wliich science is valued for 
what it can add to private profit and the means of destruction 
(pp. 582 f.). Not unnaturally, howc'ver, those scientists who sec 
in such ends the only reason for which the society in which they 
live supports science, and who can imagine no other society, 
feel strongly and sincerely that all social direction of science is 
necessarily evil. They long for a return to an ideal state, which 
in fact never existed, where science was pursued purely for its 
own sake. Even G. H. Hardy’s definition of pure mathematics, 
“ This subject has no practical use; that is to say, it cannot 
be used for promoting directly the destruction of human 
life or for accentuating the present inequalities in the distribu¬ 
tion of wealth,” has been belied by events. For both of these 
results have, during and since the last war, flowed from its 
study. In fact at all times the individual scientist has needed 
to work in close connection with three other groups of persons: 
his patrons, his colleagues, and his public. 

The function of the patron, whether a wealthy individual, 
university, corporation, or a department of State, is to provide 
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the money on which the scientist must liv^c and which will 
enable him to carry on his work. The patron will in return 
want to have something to say in what is actually done^ 
especially if his ultimate object is commercial advantage or 
military success. It vdll apparently be less so only if he is 
operating from pure benevolence or in the pursuit of prestige or 
advertisement; then he will only want results to be sufficiently 
spectacular and not too disturbing. 

In a Socialist society the function of the patron is taken over 
by the organs of jiopular government at all levels, from the 
factory or farm laboratory to the academy institute^ and is 
radically changed in the process. Because such a government 
caiij and indeed necessarily must, take a long-term view, the 
work of scientists is accepted as intrinsically valuable. Their 
support and the furtluTing of their work arc a first charge on 
national and local revenues. In return the scientists arc 
expected to understand their social responsibility, which is to 
co-operate in the plans for a better society, and so to order their 
work as to get the best results on both a long-term and short¬ 
term basis. 

In general the scientist has to “ sell ” his project to the 
patron, but he is unlikely to do so unless he can count on at 
least the tacit support of some of liis fellow scientists, through 
the various institutions and societies to which they belong, 
'riicse bodies have the duty of maintaining the intellectual 
status of science, but they do not, and cannot, except where 
science is planned, exercise much initiative in determining 
the fields of science that arc to be studied, nor how much or how 
little work is to be done in them. 

In the last resort it is the people who arc the ultimate judges 
of the meaning and value of science. Where science has been 
kept a mystery in the hands of a selected few, it is inevitably 
linked with the interests of the ruling classes and is cut off from 
the understanding and inspiration that arise from the needs and 
capacities of the people. Bishop Sprat in his History of the 
Royal Society (1667) asks himself the question; Why have “ the 
Sciences of mens brains, been subject to be far more injur’d by 
such vicissitudes, than the Arts of their ha?ids? ” He concludes 
that it was because they had been “ banish’d, by the Philo¬ 
sophers themselves, out of the World. . . . Wlicreas if at first 
it had been made to converse more with the senses, and to assist 
familiarly in all occasions oi humane life; it would, no doubt, 
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have been thought needful to be preserv’d, in the most Active, 
and ignorant Time. It would have escap’d the fury of the 
Barbarous people; as well as the Arts of Ploughing, GarPning, 
Cookery, making Iron and Steel, Fishing, Sailing, and many more 
such necessary handicrafts have done.” If to this is added;, 
as it has been throughout the later stages of the development of 
capitalism;, the use of science to intensify manual work, to create 
unemployment^ and to make war^ there is an inevitable growth 
of suspicion and hostility to science on the part of the workers 
(p. 395). Science developing in this way is a limited science;, 
hardly even a half-science, compared with its potential when 
it is an understood and \ allied part of a fully popular movement. 

Any full understanding of science as an institution can come 
only after it has been studied from its origins in earlier institu¬ 
tions. It will be necessary to study the changes that it has 
undergone;, especially in recent years, and to show hoW;, as an 
institution^ it interacts with others and with the general workings 
of society. 


\o - THE METHODS OF SCIENCE 

The institution of science is a social fact^ a body of people' 
bound together by certain organizing relations to carry out 
certain tasks in society. The method of science is by contrast 
an abstraction from these facts. There is a danger of considt r- 
ing it as a kind of ideal Platonic form, as if there were one 
proper way of finding the Truth about Nature or Man, and 
the scientists’ only task was to find this way and abide in it. 
Such an absolute conception is belied by the whole history of 
science, with its continual development of a multiplicity of new 
methods. The method of science is not a fixed thing, it is a 
growing process. Nor can it be considered without bringing 
out its closer relations with the social, and particularly the class, 
character of science. Consequently, scientific method, like 
science itself, defies definition. It is made up of a number of 
operations, some mental, some manual, that in the past have 
been found to lead to the formulation, finding, testing, and using 
of the answers to the general questions that are worth asking and 
can be answered at any stage of social development. In the 
distant past the questions that could usefully be answered were 
mostly in the fields of the mathematical sciences, such as 
astronomy and physics. In all other fields there were only 
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particular results found by experience and guaranteed by 
technical usefulness. Later^ the scientific method came to be 
applied and modified in the fields of chemistry and biology, 
and now, in our own time, wc arc just beginning to learn how 
to apply it to problems of society. 

Now the study of the method of science has proceeded much 
more slowly than the development of science itself. Scientists 
find out things first, and then, rather ineffectively, muse on the 
way in which they were discovered. Unfortunately, most of 
the books written about the methods of science have been by 
people who, though philosophically or even mathematically 
gifted, are not experimental scientists and strictly speaking do 
not know what they arc talking about (pp. 527 f.). 

Observation and experiment 

The methods used by working scientists have evolved from a 
separation of methods used in ordinary life, particularly in the 
manual trade's. First you have a look at the job and then you 
try something and see if it will work. In more learned language, 
we begin with observations and follow with experiments. Now' 
everyone, whether he is a scientist or not, observes; but the 
important things arc w'hat to observe and how' to observe them. 
It is in this sense that the scientist differs from the artist. Tlu' 
artist observes in order to transform, through his own experience 
and feeling, w^hat he secs into some new and evocative creation, 
'Fhe scientist observes in order to find things and relations that 
arc as far as possible independent of his own sentiments. This 
does not mean that he should have no conscious aim. Far 
from it; as the history of science shows, some objective, often 
a practical one, is almost an essential requirement for the 
discovery of new things. What it does mean is that in order to 
achieve its goal in the inhuman world, deaf to the most 
emotional appeal, desire must be subordinated to fact and law^ 

Classification and measurement 

Two techniques have in time grown out of naive observation : 
classification and measurement. Both are, of course, much older 
than conscious science, but they arc now used in quite a special 
way. Classification has become in itself the first step towards 
understanding new groups of phenomena. They have to be put 
in order before anything can be done with them. Measurement 
is only one further stage of that putting in order. Counting 
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is the ordering of one collection against another; in the last 
resort against the fingers. Measuring is counting the number 
of a standard collection that balance or line up with the 
quantity that is to be weighed or measured. It is measurement 
that links science with mathematics on the one hand, and with 
commercial and mechanical practice on the other. It is by 
measurement that numbers and forms enter science, and it is 
also by measurement that it is possible to indicate precisely 
what has to be done to reproduce given conditions and obtain a 
desired result (pp. 79, 122). 

It is here that the active aspect of science comes into the 
picture—that characterized by the word “ experiment.” An 
experiment, after all, as the word indicates, is only a trial, and 
early experiments indeed were full-scale trials. Once measure¬ 
ment was introduced it was possible not only to reproduce trials 
accurately, but also to take the somewhat daring step of 
carrying them out on a small scale. It is that small-scale or 
model experiment that is the essential feature of modern science. 
By working on a small scale far more trials can be carried out 
at the same time and far more cheaply. Moreover, by the use 
of mathematics, far more valuable results can be obtained from 
(he many small-scale experiments than from one or two 
elaborate and costly full-scale trials. All experiments boil 
down to two very simple operations: taking apart and putting 
together again; or, in scientific language, analysis and synthesis. 
Unless you can take a thing or a process to bits you can do 
nothing with it but observe it as an undivided whole. Unless 
you can put the pieces together again and make the whole 
thing work, there is no way of knowing whether you have 
introduced something new or left something out in your analysis. 

Apparatus 

In order to carry out these operations, scientists have, over 
the course of centuries, evolved a complete set of material tools 
of their own—the apparatus of science. Now apparatus is not 
anything mysterious. It is simply the tools of ordinary life 
turned to very special purposes. The crucible is just a pot, 
the forceps a pair of tongs. In turn, the apparatus of the 
scientist often comes back into practical life in the form of useful 
instruments or implements. It is not very long, for instance, 
since the modern television set was the cathode-ray tube, a 
purely scientific piece of apparatus devised to measure the mass 
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of the electron. Scientific apparatus fulfils either of two major 
functions: as scientific instruments, such as telescopes or micro¬ 
phones, it can be used to extend and make more precise our 
sensory perception of the world; as scientific tools, such as 
micro-manipulators, stills, or incubators, it can be used to 
extend, in a controlled way, our motor manipulation of the 
things around us. 

Laxvs, hypotheses^ and theories 

From the results of experiments, or rather from the mixture 
of operation and observation that constitutes experiments, 
comes the whole body of scientific knowledge. But that body 
is not simply a list of such results. If it were, science would 
soon become as unwieldy and as difficult to understand as the 
Nature from which it started. Before these results can be of 
any use, and in many cases before they can even be obtained, 
it is necessary to tie them together, so to speak, in bundles, to 
group them and to relate them to each other, and this is the 
function of the logical part of science. The arguments of 
science, the use of mathematical symbols and formulze, in 
earlier stages merely the use of names, lead to the continuous 
creation of the more or less coherent edifice of scientific lawSy 
principleSy hypoihesesy and theories. And that is not the end; it is 
here that science is continually beginning, for, arising from 
such hypotheses and theories, there come the practical applica¬ 
tions of science. These in turn, if they work, and even more 
often if they do not, give rise to new observations, new experi- 
iiK'nts, and new theories. Experiment, interpretation, applica¬ 
tion, all march on together and between them make up the 
effective, live, and social body of science. 

The language of science 

In the process of observation, experiment, and logical inter¬ 
pretation, there has grown up the languagey or, rather, the 
languages, of science that have become in the course of time 
as essential to it as the material apparatus. Like the apparatus, 
these languages are not intrinsically strange, they derive from 
common usage and often come back to it again. A cycle was 
once kukloSy a wheel, but it lived many centuries as an abstract 
term for recurring phenomena before it came back to earth as a 
bicycle. The enormous convenience of making use of quite 
ordinary words in the forgotten languages of Greece and 
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Rome was to avoid confusion with common meanings. The 
Greek scientists were under the great disadvantage of not 
having a word— in Greek-for it. They had to express them¬ 
selves in a roundabout way in plain language—to talk about 
the submaxillary gland as ‘‘ the acorn-like lumps under the 
jaw.’' But these practices, though they helped the scientists 
to discuss more clearly and briefly, had the disadvantage of 
building up a series of special languages or jargons that effcc- 
tivcly, and sometimes deliberately^ kept science away from the 
ordinary man. This barrier, however, is by no means neces¬ 
sary. Scientific language is too useful to unlearn, but it can and 
will infiltrate into common speech once scientific ideas become 
as familiar adjuncts of everyday life as scientific gadgets (p. 905). 

The strategy of science 

This discussion of the method of science has been limited so 
far to what might hi', called the tactics of scientific advance. 
This is primarily a method of solving problems and being 
reasonably sure that the solutions arc satisfactory. It is clearly 
insuflicicnt by itsctlf to explain the advance of science as a whole 
over long periods of time. To complete the picture it is neces¬ 
sary to say something of what corresponds to the strategy of 
science. Now, of course, there is no absolute need for science 
to have a conscious strategy in order to advance, and indeed in 
earlier times it certainly was not directed with any long-term 
ends in view. Nevertheless, as we shall sec, the path of advance 
of science was by no means a random one, and all the time some¬ 
thing like a strategy must have been operating, unconsciously 
for the most part, but sometimes consciously as well. 

'Fhe essential feature of a strategy of discovery lies in deter¬ 
mining the sequence of choice of problems to solve. Now it is 
in fact very much mort! difficult to see a problem than to find a 
solution for it. The former requires imagination, the latter 
only ingenuity. This is th(' sense of Kosambi’s definition of 
science" as the cognition of necessity. The general advance of 
science has, in fact, taken place in following out the solutions 
of problems set in the first place by actual economic necessity, 
and only in the second place arising out of earlier scientific ideas. 
At any given time there are usually a set of challenging problems 
like the doubling in bulk of the cubic altar at Delphi, which in¬ 
volved extracting a cube root, or the finding of the longitude, 
which led to Newton’s laws, or the curing of the silkworm disease 
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in France^ which helped Pasteur to arrive at the idea of the germ 
theory of disease. The danger in science is that the number of 
such recognized classical problems tends to be limited. The 
efforts of scientists, generation after generation^ are concentrated 
on solving them and on elaborating on the solutions. 

It is this tendency that has kept science for long periods of its 
history within narrow bounds. It is by breaking with it and 
finding new problems in outside life that it expands into new 
fields. Some of the greatest scientists of the past^ like Newton, 
Darwin, and Faraday, set themselves to find and solve problems 
according to a plan of their own. Faraday,for instance, 
early in his career set himself the general problem of finding 
the connections between the separate forces of physical Nature— 
light, heat, electricity, and magnetism—and taking them pair 
by pair, nearly completed the programme (p. 439). 

Now we arc begijining to see that what could be done 
consciously, though on a small scale, by such great individuals is 
an essential part of the growth of science, and we are finding it 
possible to plan science consciously on a collective rather than a 
purely individual basis. Here the wider problem comes from 
the need to reconcile and combine the questions arising from 
the social and economic requirements on the one hand, and the 
intrinsic developments of science on the other. This, howevc'r, 
involves, for its full advantages to be discovered and used, a far 
greater control over the economic life of the country than is to be 
found outside Socialist countries. These advantages arc, never¬ 
theless, so great in the long run that no nation will be able to 
hold its own in the world without making positive and planned 
use of science. Consequently, the advance of science and its 
increasing utilization in social life are likely in the future to take 
a far more rational and less accidental course than in the past. 

Viewed in the perspective of evolutionary history, science 
marks a conscious elaboration of the experience provided by th(' 
sensory and motor organs of the body. It extends consciously 
and socially the unconscious processes of learning, common to 
all higher animals. An animal can learn by experience; man 
in using science goes b(*yond this and experiences to learn. In 
the same sense the scientific method itself, \vith its codified 
processes of comparison, classification, generalization, hypo¬ 
thesis, and theory, is an extension of the mechanism of the 
brain, which had already evolved in the higher mammals the 
capacity of dealing with highly complex situations, such as 
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those involved in hunting. The essential difference^ however^ 
between these animal performances and the achievements of 
human science is that the latter is no longer an individual but a 
social acliicvemcnt. It arises from the co-operative effort of 
work and is co-ordinated by language. 

Science and art 

The extension of the pliysical powers of man through science 
is no longer_, as in animals, a continuous, almost automatic^ 
evolutionary process. It comes about as a necessary correlate 
of social clianges and is marked by the same internal struggles 
and conflicts of successively emerging classes. Bearing always 
in mind the inseparability of science from society, it may yet be 
useful to abstract still further and to consider the features of 
sciernce vdiich distinguish it from other aspects of human social 
activity, such as those* of art or religion, 'fhe major grounds 
for the distinction of the scientific aspect are that it is concerned 
primarily with how to do things; that it refers to a cumulative 
mass of knowledge of fact and action; and that it arises first 
and foremost in the understanding, control, and transformation 
of the means of production—that is of techniqu(‘S for providing 
human needs. 

'I'lu! first of these distinctions can be expressed by saying tha t 
the mode of science is indicative^ in that it can indicate or show 
people how to do what tlu'y want to do. In itself the scientific 
mode does not attempt to make people want to do one thing 
rather than another. That is more properly the task of the 
artistic mode, a mode equally social, one of whose functions it is to 
generate first the wish and then the will for specific action.^ 
Neither of these modes is complete without tlu* other and, in 
lact, neitlier in science nor in art is one to be found without the 
other. Nor between them do they exhaust the significance of 
art or science for the individual. Beyond them, and common 
to all forms of human achievement, is the intrinsic pleasure 
produced in the contemplation, or still more in the creation, of 
new ('ombinations of words, sounds, or colours, or in the dis¬ 
covery of combinations already existing in Nature. This 
pleasure, thougli felt individually in the first place, is by no 
means a private emotion. As the first interest derives from 
society, so the contemplative act is social at one remove, as is 
shown by the intense desire, common to artist and scientist, to 
communicate it. 
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Every work of science has a purpose and generates a further 
purpose^ but that purpose is not the characteristically scientific 
aspect of the work^ neither is it the beauty or pleasure to be 
appreciated in the work of science. In its purely scientific 
aspect^ it is a recipe: it tells you how to carry out certain 
things if you want to do them. Nor^ on the other hand^ is a 
work of art something that merely moves or pleases. Works of 
art themselves contain invaluable information about the world 
and how to live in it^ especially when^ as in the novels they deal 
with social problems. 

In stating these abstract characteristics of science^ there is 
always the danger that the abstract may be taken as the ideal, 
that is, what science should be if only all the unessential aspects 
of social morality or usefulness could be removed. Indeed, the 
ideal of pure science—the pursuit of Truth for its own sake— 
is the conscious statement of a social attitude which has done 
much to hinder the development of science and has helped to 
put it into obscurantist and reactionary hands (p. 138). It 
should always be remembered that scic^nce is complete only if 
the indications are followed. Science is not a matter of thought 
alone, but of thought continually carried into practice and con¬ 
tinually refreshed by practice (pp. 873 f.). That is why science 
cannot be studied separately from technique. In the history of 
science we shall repeatedly see new aspects of science arising 
out of practice and new developments in science giving rise to 
new branches of practice. The professions of the modern 
engineer arc very largely directly due to scientific progress. 
The very names of the dilferent kinds of engineers there arc 
today, electrical engineers, chemical engineers, radio engineers, 
indicate that they were all originally branches of science that 
have now become branches of practice. 

Scientist and engineer 

But the fact that the engineers have arisen from the scientists, 
and are continually and closely linked with them, does not mean 
that the two professions are indistinguishable. In fact, the 
functional aspects of the scientist and the engineer arc radically 
different. The scientist’s prime business is to find out how to do 
things, the engineer’s business is to do them. The responsibility 
of the engineer is much greater, in the practical sense, than that 
of the scientist. He cannot afford to rely so much on abstract 
theory; he must build on the traditions of past experience 
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as well as try out new ideas. In certain fields of engineer¬ 
ing, indeed, science still plays a subsidiary role to experience. 
Ships today, although full of modern scientific devices in their 
engines and controls, are still built by men who have based 
their experience on those of older ships, so that one may say 
that the building of ships, from the first dug-out canoe to the 
modern liner, has been one unbroken technical tradition. 
The strength of technical tradition is that it can never go far 
wrong- if it worked before, it is likely to work again; its weak¬ 
ness is that it cannot, so to speak, get off its own tracks. Steady 
and cumulative im|:)rovement of technique can be expected 
from engineering; but notable transformations, only when 
science takes a hand. As J. J. Thomson once said, Research 
in applied science leads to reforms, research in pure science leads 
to revolutions.At the same time engineering successes, 
and even more engineering difficulties, furnish a continually 
renewed field of opportunity and problems for science. Tlu^ 
complementary roles of science and engineering mean that both 
need to be studied to understand the full social effects of either. 

1.3— 7 //£ CUMULATIVE TRADITION OF SCIENCE 

So far, in discussing the institution and character of science, 
we have not explicitly stressed one aspect that distinguishes 
scientific and technical advance from all other aspects of social 
achievement. This feature of the sciences is their cumulative 
nature. The methods of the scientist would be of little avail if 
he had not at his disposal an immense stock of previous know¬ 
ledge and experience. None of it probably is quite correct, 
but it is sufficiently so for the active scientist to have advanced 
points of departure for the work of the future. Science is an 
ever-growing body of knowledge built of sequences of the 
reflections and ideas, but even more of the experience and 
actions, of a great stream of thinkers and workers. To know 
what is known is not enough; to call himself a scientist, a man 
needs to add something of his own to the general stock. 
Science at any time is the total result of all that science has been 
up to that date. But that result is not a static one. Science 
is far more than the total assembly of known facts, laws, 
and theories. It is a continual discovery of new facts, laws, and 
theories, criticizing and often destroying as much as building. 
Nevertheless, the whole edifice of science never stops growing. 
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It is permanently, as we may say, under repair; but it is always 
in use. 

It is this cumulative nature that marks off science from the 
other great human institutions, such as those of religion, law, 
philosophy, and art. These, of course, have histories and 
traditions far longer than those of science, and to which far 
greater attention and respect are paid, but they are not in 
principle cumulative. Religion is concerned with the pre¬ 
servation of*' eternal ” truth, while with art it is the individual 
performance rather than the school that matters. The 
scientist, on the other hand, is always deliberately striving to 
change accepted truth, and his work is very soon assimilated, 
superseded, and lost as an individual performance. Not only 
the artists and poets themselves, but whole peoples look at, 
hear, or read the great works of art, music, and literature of the 
past in the original or in close reproduction or translation. 
They are, by virtue of their direct human appeal, always alive. 
By contrast, only a small minority of scientists and scientific 
historians, and hardly anyone else, study the great historic 
works of science. Th(' results of these works are incorporated 
in current science, but originals are buried. It is the established 
relations, fivets, laws, and theories, that matter for most purposes, 
not the manner of their discovery or first presenUition.^*^’^ 
There is, moreover, a profound dilFcrcnce of another kind 
between the tradition of the sciences, particularly of the natural 
sciences, and those of religion or of the liberal arts. The latter 
arc arbitrary in the sense that iheir final court of appeal is a 
revelation or judgment handed down by oral or written 
tradition. In so far as they lay claim to a rational justification, 
it is one of idealist logic. On the other hand, the tradition of 
science, and with it that of technology, from which it arose, is 
one which can be directly checked by reference to verifiable 
and repeatable observations in the material world. However 
old or new, each acquisition of science can be subjected at 
any time to tests on determinate! materials with determinate 
apparatus. The truth of science, as Bacon pointed out long 
(P- 306), is the success of its application to material systems, 
whether inanimate, as in the physical sciences; living organisms, 
as in the biological sciences; or human societies, as in the social 
sciences. It is only in so far as in the last of these there is little 
or no experiment that it has not yet gained the status of a true 
science (pp. 695 f.). By sciences in this sense we refer necessarily 
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to those parts of human knowledge which are sufficiently 
developed to be used to improve practice direc tly and arc not 
merely orderly descriptions of obvious facts. It is unquestion¬ 
able that the Greeks had a biology and even a sociology as well 
as mathematics and astronomy; but whereas the latter two could 
be used for the planning of towns and the prediction of heavenly 
events^ the former only explained to the learned in an orderly 
fashion what was known to every farmer, fisherman, or 
politician. Scientific biology of real use to medicine was hardly 
to appear before the nineteenth century, and scientific sociology 
is only just beginning. 

The stages by which the accumulation of scientific knowledge 
and techniques has taken place will be described, though not 
discussed in detail, in subsequent chapters. This is properly 
the task of a history of science, which this book docs not claim 
to be, though such a critical history of scienc(‘, going beyond 
the facts of discovery to ascertain the reasons, has yet to be 
written. Here it is sulficient to indicate some of the general 
principles that have ruled the building of the edifice of science. 

The pattern of scientific and technical advance 

In the first place, history shows a definite succession of the 
order in which regions of experience arc' brought within the 
ambit of science. Roughly it runs: mathematics, astronomy, 
mechanics, physics, chemistry, biology, sociology. The history 
of techniques follows :in almost inverse order: social organiza¬ 
tion, hunting, domestic animals, agriculture, pottery, cooking, 
cloth-making, metallurgy, vehicles and navigation, archi¬ 
tecture, machinery, engines. The reason for this is easy to see. 
I'cchniqucs must first arise from the immediate concern with 
the human environment and only gradually pass to the control 
of inanimate forces. The actual order of the development of 
the sciences, on the other hand, is not so easy to explain. It is 
only partly conditioned by internal difficulties. In fact, as their 
histories show, the sciences of the more complex parts of Nature, 
such as biology and medicine, were derived directly by study 
of their subject-matter, with little help and often much hin¬ 
drance from the sciences of the simpler parts, such as mechanics 
and physics (pp. 333, 469). The time sequence of the sciences 
fits even more closely the possibly useful applications which 
were in the interest of ruling or rising classes at different times. 
The regulation of the calendar—a priestly function—gave rise 
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to astronomy (p, 82 ); the nerds of the new textile industry- 
the interest of the rising manufacturers of the eighteenth 
century—gave rise to modern chemistry (p. 374). 

If we turn from the general paths of advance in science to the 
detailed sequences of discovery^ certain general patterns appear. 
In any particular field there arc found long chains of successive 
discoveries—like those^ for example^ of electricity in the 
eighteenth century (pp. 43if.)> or of atomic physics in the 
twentieth (pp. 515 f.). Tliesc usually start and end with some 
crucial discovery that opens up whole new ranges of science. 
Such discoveries occur most often through the coming together 
of scientific disciplines previously thought to be distinct, as 
occurred, for example, in Oersted’s accidental discovery of the 
effect of electricity on a magnet (p. 437), or in Pasteur’s chance 
discovery of the asymmetric nature of molecules produced 
by living organisms (p. 455), which linked chemistry with 
bacteriology. From each of these intersections of disciplines or 
crucial discoveries of science there usually spring two or three 
new branches, each of which can continue as a new chain of 
discovery. The whole of the picture is therefore like an 
indefinitely complicated interlacing of investigation and dis¬ 
covery, something like the ancient Peruvian (jfui/m which con¬ 
veyed messages by sequences of knots on cords, themselves 
complexly knotted together (p. 878). 

The role of great men 

Both the long chains of investigations and the branching 
points of crucial discoveries are essential to the progress of 
science, but whereas the former are the fruit, for the most part, 
of the application of numbers of painstaking but ordinary minds, 
the latter are usually associated with the great men of science. 
This has led to a concept of science as if it were due solely to 
the genius of great men, and were consequently largely divorced 
from the effect of social and economic factors. The hold of the 
“ great men ” myth on the history of science has indeed lasted 
far longer than in social and political history. Many histories 
of science are, in fiict, little more than the stories of great dis¬ 
coverers to whom came in a kind of apostolic succession 
epoch-making revelations of the secrets of Nature. Now great 
men have had decisive effects on the progress of science, but 
their achievement cannot be studied in isolation from their 
social environment. It is through failure to see this that it is 
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SO often felt necessary to explain their discoveries by resorting 
to know nothing” words such as “ inspiration ” or “ genius.” 
Great men are thus lessened in stature and cheapened by those 
too limited or too lazy to understand them. The fact that 
they arc men of their time^ subject to the same formative 
influences and suffering the same social compulsions as other 
men, only enhances their importance. The greater the man, 
the more he is soaked in the atmosphere of his time; only thus 
can he get a wide enough grasp of it to be able substantially 
to change the pattern of knowledge and action. 

Nor is the great man self-suflicient in any cultural field, least 
of all in science. For no discovery of any effective kind can be 
made without the preparatory work of hundreds of compara¬ 
tively minor and unimaginative scientists. Tlu'se latter accu¬ 
mulate, most often witliout understanding what they are doing, 
the necessary data on which the great man can work. 
Individual human beings have an enormous range of mental 
variation. Only a few are lik(‘ly to contribute to science, 
though more have the opportunity of doing so in our time than 
ever before and far more arc likely to do so in the near future. 
Those selected or selecting themselves for scientific interest are 
likely to differ in almost all other particulars. This gives a 
great variety to science, but the equally necessary unity comes 
from the controls, unconscious or conscious, that society exor¬ 
cises on it. It is this socially imposed unity of science that 
makes it possible to sec it as one co-operative effort of man to 
understand and thus control his environment. 

SCIENCE AND THE MEANS OF PRODUCTION 

All the characteristics given in the preceding paragraphs may 
serve to describe science—as an institution, as a method, as a 
growing and increasingly organized collection of experiences. 
By themselves, however, they cannot explain either the major 
functions of science today or the reasons why science originally 
arose as a specialized kind of social activity. This explanation 
is to be found in the part that science has played in the past and 
plays today in every form of production. The history of the 
elaboration of man’s means of control over his inorganic and 
organic environment, as it will be sketched in succeeding 
chapters, shows that this has taken place in stages, each marked 
by the appearance of some new material technique. Even 
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now in archaeological terms (first put forward by Thomsen in 
1836 but founded on traditions of great antiquity passed on by 
Hesiod and Lucretius) we describe the eras of the past in 
terms of materials—the Slone Age, the Bronze Age^ the Iron 
Age (though we have lost the Golden Age). We continue with 
the ages of steam and electricity^ and have now entered the 
atomic age. 

Materials in themselves, however, arc no use to man; he 
must learn to fashion them. Even the original material [madera 
—wood— hyle) had to be lorn from the tree to make a club or a 
spear. It was in the ways of extracting and fashioning materials 
so that they could be used as tools to satisfy the prime necxls of 
man that first technic|ues and then science aros(\ A technique 
is an individually acquired and socially secured way of doing 
something; a science is a ^vay of understanding how to do it in 
order to do better. When we come to examine in greater detail, 
in later chapters, the first appearance of distinct sciences and the 
stages of their development it will become increasingly plain 
that they evolve and grow only when th('y arc' in close and 
living contact with the mechanism of production. 

Science has had a history of remarkable unevenness; great 
bursts of activity are followed by long fallow periods until a new 
burst occurs, often in a different country. But the where and 
when of scientific activity arc anylliing but accidental. Its 
flourishing periods are found to coincide with economic activity 
and technical advance. 'Lhe track science has followed—from 
Egypt and Mesopotamia to Greece, from Islamic Spain to 
Renaissance Italy, thence to the I.ow Countries and France, 
and then to Scotland and England of the Industrial Revolution 
-is the same as that of commerce and industry. In earlier 
limes science followed industry; now it is tending to catch up 
with it and lead it as its place in production becomes clearly 
understood. Science was learned from the wheel and tlu' ]:)ot; 
it created the steam-engine and the dynamo (pp. 414 f, 440!.). 

Between the bursts of activity there have been quiet times, 
sometimes periods of degeneration such as that of the later 
Egyptian dynasties, or of late classical times, or of the early 
eighteenth century. These, we shall see, coincide with periods 
when the organization of society w^as stagnant or decadent, so 
that production followed traditional lines and concern with it 
was considered to be debasing for a man of learning. 

Now the observation of the close association between science 
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and the technical change does not in itself explain the origin 
and growth of science; wc still need to know the social factors 
determining the technical changes themselves. The converse 
relation of technical factors in society is obvious enough. The 
technical level of production at any period puts a limit to the 
possible forms of social organization. It would be useless to 
look for an extensive national State in the Slone Age, when 
food-gathering and hunting limited the effective social unit to a 
few hundreds ranging over a wide territory. Nor could the 
modern urban civilization arise until the combination of 
agricultural and industrial improvements made it possible to 
maintain a majority of the population away from the land 
(P- 369)* 

Nevertheless^ changes in techiiiciue are not so simply deter¬ 
mined by social organization. It would be very wide of the 
mark to assume that mankind has in the past acted as one 
intellectual unit^ seeking always to use existing means to provide 
the best for all men and searching always for the best means of 
extending man’s powers over Nature. In fact, as will be shown 
in the ensuing chapters, throughout the greater part of history 
improvements in technique have arisen mostly under the 
stimulus of the immediate advantage they would give to certain 
individuals or classes, often to the detriment of others, and 
sometimes, as in war—a perennial source of ingenuity—to their 
destruction. The form of society depends, in the last resort, 
on the relations between men in the production and distribution 
of goods—relations nearly always of undue advantage to the 
rich over the poor, and sometimes of direct compulsion, as in 
slavery. 

As will be shown (Chapter 12), it is these productive relations, 
depending as they do on the technical means of production, that 
provide the need for changes in these means and thus give rise 
to science (pp. 738!.). When the productive relations are 
changing rapidly, as when a new class is rising into a position 
of power, there is a particular incentive to improvements in 
production which will enhance the wealth and power of this 
class, and science is at a premium. Once such a class is 
established and is still strong enough to prevent the rise of a new 
rival, there is an interest in keeping things as they are— 
techniques become traditional and science is at a discount. 
Such a simplified picture is, of course, inadequate by itself to 
explain the rise of science in detail. To discover why a certain 
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science arose in this or that place or period requires far more 
detailed studies^ examples of which will be founds though still 
only in outline, in the later chapters. It will also be necessary 
to bring out the interplay between the material factors—the 
availability of commodities such as wood or coal; the technical 
factors—the level and distribution of skills; and the economic 
factors—the supply and demand for goods or labour, in order 
to explain the rise and decline of science and, in turn, its effect 
on production. 

The class character of science 

One basic distinction between science as such and the 
generalized techniques from which it arose and to which it is 
still attached is that it is essentially a literate profession. It is 
something recorded and transmitted in books and papers, as 
distinct from the handing on by practical example of the 
traditional crafts. As such, it was from the very start an 
occupation limited to the upper classes or to a minority of 
gifted individuals who managed to win acceptance into them 
in return for loyal service. This limitation has had several 
effects on the character of science. It has retarded it by 
keeping out of science the great majority of the naturally gifted 
people of all classes who might have contributed to it (p. 394). 
At the same time it lias ensured that those thinking and even 
experimenting about science, at least until the time of the 
Industrial Revolution, should have had very little acquaint¬ 
ance with practical arts and so, in matters of natural science, 
have not knowm what they were talking about. Nor could they 
understand, because they did not themselves feel, the practical 
needs of common life and, therefore, they had no stimulus to 
satisfy them by the use of science. 

This identification of science with the governing and exploit¬ 
ing classes has, from the earliest times of class division, which 
arose five thousand years ago with the first cities, engendered a 
deep suspicion of science, and book-learning generally, in the 
minds of the peasants and, to a lesser degree, of the working 
classes. However well intentioned were the efforts of the 
philanthropic philosophers, the people could not but feel that 
in practice they w^ould result in changes that would bring them 
no good, and were likely to enslave them more completely or, 
alternatively, throw them out of work. The first scientists were 
regarded as magicians capable of unlimited mischief, and this 
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attitude persisted into kite classical times when popular feeling, 
often allied with religion^ was sullenly and sometimes violently 
against the philosophers who were identified, with some 
justice, with the interests of the upper classes (p. 167) of the 
hated Roman Empire. In the Middle Ages science existed 
only on sufferance, and even after its rebirth the same popular 
reaction was to be seen in the machine wreckers of the Indus¬ 
trial Revolution. Today we can still see it in the reactions 
to the latest triumph of scicaice, the atom bomb. The com¬ 
bined effect of the contempt and ignorance of the learned, 
and of the suspicion and rcscntnK'nt of the lower orders, has 
been, through the whole course of civilization, a major hin¬ 
drance to the free advance of science. It has replaced an 
unwilling and grudging co-operation for the free and active 
exchange of practical and theoretical knowledge that can, as 
experience in Socialist countries is now bc'giiming to sliow, 
greatly increase the rate of technical and scientific advance. 

This stricture applies only to the class character ol' the 
separation of theory and practice, and docs not by any means 
imply any disparagement of the function of learning in ad¬ 
vancing science. The fact that science was in tlu! hands of' 
persons who could write, keep accounts, and argue in set form, 
was at certain periods of inestimable value' in its growth. 
Nature as a whole, taken in all its rawness and complexity, is 
difficult to argue about in mere wwds to any purpose. Myths 
and rituals justifying practices of proved utility arc as ffir as such 
unlettered discourse can go. Even early formal science, such as 
that of the Greeks, was scarcely more than a rationalized 
mythology (p. 120). But certain parts of experience, like simple 
motions and forces, can be argued about formally and quantita¬ 
tively. Sailors knew^ very well how to use levers and merchants 
to use balances many centuries before Archimedes discoverc'd 
the formal law of the lever; but his law enabled new mechanical 
inventions to be made which would never have occurred to 
practical men. What is more, it wiis one step, and a very 
important one, in building further generalizations in mechanics 
and physics in the times of Galileo and of Newton. Stage by 
stage rational methods cease to be face-saving descriptions in a 
learned language and become means of generalizing and 
extending practical control over Nature, first in the chemical 
and biological, and now in the social field. 

Nevertheless, as will be shown later (pp. 867!.);, the most 
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important and fruitful periods of scientific advance were those 
in which the class barrier was at least partially broken down 
and the practical and the learned men mixed on equal terms. 
Such were the conditions in early Renaissance Italy^ in France 
of the great Revolution^ in America at the end of the nineteenth 
century, and, in a different and more thorough sense, so they 
are in the new Socialist republics of today. 

Just because of its universality, the class nature of science is so 
much taken for granted that any mention of it today in scientific 
circles causes a shocked surprise. The tradition of science, they 
feel, is something in its own right, quite separate from any 
considerations of economics or politics. All that this means is 
that the social and, in particular, the class conditioning of the 
scientific tradition, which any examination of its history will 
j)rove to have occurred, is implicit and does not show on the 
surface. In our own age, for the first time, science itself is 
being subjected to analysis on the basis of its class character 
(p. 833). Such analysis is bound to appear at the outset as 
crude and sweeping and full of controversy, but it cannot be 
evaded and must lead in the end to a far deeper understanding 
of science and society. 

NATURAL SCIENCE AS A SOURCE OF GENERAL 
IDEAS 

Though the practical utilization of science is both a perennial 
source of scienlific advance and the guarantee of its validity, 
the advance of science is something more than the continual 
improvement of techniques. An equally essential part of 
science is the theoretical framework which links together the 
practical achievements of science and gives them an cver- 
incrcasing intellectual coherence. In the past, and even now, 
the history of science has often been written as if it were simply 
the history of such an ideal edifice of truth. Such history can 
only be written by neglecting the whole social and material 
components of science and thus reducing it to inspired nonsense, 
as has already been stated and will be illustrated fully in the 
body of the book. 

On the other hand it would be equally stupid to attempt to 
neglect it entirely, for theory has had an enormously important 
part to play in science and in recent times an increasingly 
positive one. Indeed, over many periods of science the main 
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direction of work was conditioned by the provings or, even more 
often^ by the disproving^ of theory as, for example, biology in 
the late nineteenth century, with the proving of the Darwinian 
theory of evolution (p. 604); or mechanics in the seventeenth, 
with the disproving of Aristotelian physics (pp. 295 f.). There 
is, however, an intrinsic danger in the development of such 
autonomous and closed fields of scientific endeavour. Though 
starting originally from practice they tend with time to become 
more and more divorced from it, and to lose, at the same time 
as losing their utility, any sense of direction. In the past they 
have usually petered out in learned pedantry, as did Newtonian 
mechanics in the nineteenth century (p. 384); or they have been 
revivified only by new contact with practice, as was electricity 
at the end of the eighteenth by the discovery of the electric 
battery (p. 435). 

The conventional view of science describes its laws and 
theories as legitimate and even logical deductions from experi¬ 
mentally established facts. It is doubtful, if this limitation 
had been strictly insisted on, whether science would ever have 
existed. The laws, the hypotheses, the theories of science have a 
wider bearing than the objective facts they claim to explain. 
Most of them necessarily reflect in large part the general non- 
scientific intellectual atmosphere of the time by which the 
individual scientist is inevitably conditioned. The result is that 
the phenomena of Nature and of the manual arts are inter¬ 
preted in social, political, or religious terms. Thus, as we shall 
sec, Newton’s theory of inertia came from the prevailing rational 
interpretation of religion, and Darwin’s natural selection from 
the current conception of the natural justice of free competition. 

Sometimes these forms of thought can lead to valid, that is 
practically verifiable, scientific advances. As often, especially 
when they win general acceptance, they arc obstacles to 
scientific discovery. The greatest difficulty of discovery is not 
so much to make the necessary observations, but to break away 
from traditional ideas in interpreting them. From the time 
when Copernicus established the movement of the earth and 
Harvey the circulation of the blood, down to that when 
Einstein abolished the ether, and Planck postulated the 
quantum of action, the real struggle has been less to penetrate 
the secrets of Nature than to overthrow established ideas, 
even though these, in their time, had helped to advance 
science, Nevertheless, the progress of science depends on the 
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existence of a continuous traditional picture or working model 
of the universe, partly verifiable, but also partly mythical 
where verifications are delusive or altogether missing. It is, on 
the other hand, equally essential that this tradition, com¬ 
pounded as it is (and must always be) from elements drawn 
from both science and society, should be continually and often 
violently broken down from time to time and remade in the 
face of new experience in the material and social worlds. 

We are passing through such a period at the present moment. 
The far greater part that science is playing in the economy of 
liighly industrialized countries has, by no means accidentally, 
coincided with a great deepening and widening of understanding 
of natural phenomena, in which the discoveries of the structure 
of the atom and of the chemical processes in living organisms 
are outstanding. Thk in itself has put the theories of science 
under a severe strain and has resulted in a rapid sequence of 
appearances of radically new theories, such as those of relativity 
and quantum mechanics (pp. 524f.). 

At the same time, and largely due to the same factors, there 
have occurred rapid political and economic transformations, 
starting in the Soviet Union and now spreading over the rest 
of the world, with a radically different attitude to the relations 
of science and society in practice. This has inevitably had a 
profound effect on scientific theory, which is now being subjected 
to a critical analysis in the light of Marxist philosophy. This 
will be discussed in some detail in a later chapter (p. 824). 
As a result of these combined influences, from within and 
without science, there has never been a period when the 
theoretical foundations of science hav(^ been so much in 
question as they arc today. 

Materialism and idealism 

The general character of the theoretical controversy inside 
science is, however, not new. As will emerge clearly from a 
study of its history, a sometimes latent, sometimes active, 
struggle has been going on ever since the dawn of science 
between two main opposing tendencif^s: one, formal and 
idealistic; the other, practical and materialistic. We shall see 
this conflict as the dominant one in Greek philosophy, but it 
must have originated much earlier, indeed from the first 
formation of class societies, for the general social aflinitics of the 
two sides in the conflict have never been in doubt. 
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The idealist side is the side oforder^’’ the arislociacy^ and 
established religion; its most persuasiv^e champion is Plato. 
The objective of science^ in its view^ is to explain why things 
are as they are and how impossible^ as well as impious, it is to 
hope to change them in essentials. In Plato’s mind all that is 
necessary is to remove a few blemishes, such as democracy, for 
the republic to be established safely for ever under the care of 
the guardians, the ‘‘ men of gold/’ As the perfections of this 
state of affairs may not be at once apparent to inferior ranks, it is 
necessary to prove to them the illusoriness of the material world 
and consequently the unreality of evil in it (p. 123). In this 
imagined world, change is evil; the ideal, the good, the true, 
and the beautiful are eternal and beyond question; and as 
they are palpably not very prevalent on earth they must be 
sought for in a perfect heaven. This view has had a profound 
effect on the development of science, particularly in astronomy 
and physics (p. 139), and even today, in more elaborate and 
sophisticated forms, there is again a strong tendency to enforce 
it on science (pp, 327, 331). 

The materialist view, partly because of its practical nature 
and even more because of its revolutionary implications, did not 
for centuries find much support in literate circles and rarely 
formed part of official philosophy (p. 128). One expression 
of it, however, has survived in lAicretius’ Epicurean poem 
De Re Natiira (On the nature of things), which shows both its 
power and its danger to established order. It is essentially a 
philosophy of objects and their moverrK'nls, an explanation of 
Nature and society from below and not above. It emphasizes 
the inexhaustible stability of the ever-moving material world 
and man’s power to change it by learning its rules. The 
classical materialists could go no further because, as we shall 
see, of their divorce from the manual arts; nor could, in later 
days, the great re-forrnulator of materialism, Francis Bacon. 
Once the Industrial Revolution was under way, science became 
in practice materialist, though continuing to give, for political 
and religious reasons, some lip service to idealism. Up to the 
middle of the nineteenth century materialism remained 
philosophically inadequate because it did not concern itself 
with society and its transformations, and was thus unable to 
account for politics and religion. The extension and trans¬ 
formation of materialism to include these was the work of Marx 
and his followers.^-^^ First effective in the political and 
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economic field, the new dialectical materialism is only now 
beginning to enter the sphere of the natural sciences. 

The struggle between idealist and materialist tendencies in 
science has been a persistent feature in its history from earliest 
times. The idealism of Plato is in some sense an answer to the 
materialism of Democritus, the founder of the atomic theory 
(p. 127). In the Middle Ages, Roger Bacon attacked the 
prevailing Platonic-Aristotelian philosophy and preached a 
science aimed at practical utility (p. 226), and was imprisoned 
for his pains. In the great struggle of the Renaissance to 
create modern experimental science the prime enemy was 
formal Aristotelianism backed by the Church. The same 
opposition was to be found in the last century in the warfare 
between science and religion over Darwinian evolution. The 
very persistence of the struggle, despite the successive victories 
won by materialist science, shows that it is not essentially a 
philosophic or a scientific one, but a reflection of political 
struggles in scientific terms. At every stage idealist philosophy 
has been invoked to pretend that pre^semt discontents are 
illusory and to justify an existing state of affairs. At every stage 
materialist philosophy has roli('d on the practical test of reality 
and on the necessity of change. 

1.6 INTERACTIONS OF SCIENCE AND SOCIETY 

This coinj)l(at!S the first brief survey of the genereil aspects of 
scitnee, as an institution, a method, and a cumulative tradition, 
and of the description of its links with the forces of production, 
and with general ideology. 11 should now be apparent, without 
pressing for a definition, what is meant by science for the 
purposes of this book. At the same time it would be far too 
much to ask the reader to accept the conclusions stated and 
implied in these sections without the further evidence which it 
is the function of the rest of the book to provide. Indeed, it is 
only by a fairly detailed presentation of the interactions of 
science and society throughout history that we can even begin 
to understand what science means and what its future may hold. 

Science and society have, in fact, interacted in a great 
number of different ways, and the tendency to insist on one or 
other of these has been the cause of much of the recent contro¬ 
versy as to their mutual relations. It is usual to begin with 
the influence of science on society: to think of some crucial 

31 




INTRODUCTION 


discovery^ such as that of electromagnetic vvaves^ being first of all 
theoretically predicted^ then detected in scientific laboratories^ 
next tried out on an engineering scalc^ and finally^ as radiOj 
becoming part of everyday life. But that is not the only^ nor 
even the main way in which science grows and afibets society. 
Equally;, it may well happen that in the practical field it is 
observed that something does, or more often does not, work. 
The scientist either disinterestedly, or very often with an idea 
of improving it, looks into it and discovers not necessarily how 
to make it work, but something quite different. He may 
indeed create a new branch of science, just as thermodynamics 
was founded from a study of the steam engine (p. 419). 
What is important here is that common practical experience 
furnishes a magnet, so to speak, of scientific interest, and the 
progress of science can be followed in terms of successively 
changing fields of general economic and technical interest. 

This book does not claim to be a history of science; its 
theme is essentially this interaction between science and society. 
If it has any bias, it is on the side of the influence of science on 
history rather than that of history on science—a theme on which 
much has already been written.^*^' But the effect of science 
on history has, in the past, largely been neglected, or at best dealt 
with in a perfunctory or misleading way. This is because the 
professional historians have not had, for the most part, the 
cjualifications required to assess or even notice the contributions 
and influence of science; while on the other hand the historians 
of science have been little concerned with the wider historic 
consequences of the growth of natural knowledge. In official 
histories there has been a tendency to bring in the stale of 
science^ together with that of literature and art, as a kind of 
cultural appendage to a political, or now slightly economic, 
account of each historical period. What is needed instead is a 
discussion of the contributions of science to technique and to 
thought which should find its place in the very body of the 
narrative. To the extent that this is not done the essential 
historical character—that is the progressive and non-repetitive 
clement—is lost from the exposition of history. We are left 
instead with an account of personal and institutional relations 
of society without any clue as to why they should not have been 
repeated indefinitely with variations. As clearly progressive 
trends cannot in fact be hidden, the non-scientific historian 
must blankly refuse to explain them or provide some mystical 
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explanation, either divine providence or an assumed law of the 
growth and deeply of civilization of the type suggested by 
Spcnglci 01 Toynbee. It is only in the light of science that 
we can begin to understand the irreversible, novelty-producing 
steps that arc characteristically historical. 

As has already been indicated, and will appear in more 
detail in subsequent chapters, science influences history in two 
major ways: firstly by the changes in the methods of production 
that it brings about; and then by the more direct, but far less 
weighty, impact of its findings and ideas on the ideology of the 
period. It was the first of these that led to the emergence of 
science from technique on the one hand, and religion on the 
other. Once a means had been found, even in a limited 
sphere, of improving techniques by using organized thought 
ordered by logic and verified by experiment, the way was open 
to an indefinite influence of science in production methods. 
In turn these aflect productive relations, and hence have an 
enormous influence on economic and political developments. 

The other influence of science, through its ideas, was at least as 
early. Once formulated, scientific ideas return into the com¬ 
mon stock of human thought. The great revolutions in man’s 
understanding of the universe and of his place and purpose in it 
that have occurred in antiquity, through the Renaissance to 
modern times, have largely been brought about by science. 
It was the new reign of simple natural law inaugurated by 
Galileo and Newton which seemed to justify at the same time a 
turn to simple Deism in religion, laisscr-Jaire in economics, and 
liberalism in politics. Darwin’s natural selection, for all that it 
originated from such liberal ideology, was to be used in turn to 
justify ruthless exploitation and race subjection under the 
banner of the survival of the fittest. A more profound under¬ 
standing of evolution was, on the contrary, to stress the way 
in which, through society, man could transcend tlie biological 
limits of animal evolution and achieve a more far-reaching, 
consciously directed, social evolution (pp. 763 f.). 

In less obvious ways scientific knowledge and scientific 
method are affecting, to an ever-increasing degree, the whole 
pattern of thought, culture, and politics. Science is now be¬ 
coming a great liuinan institution, distinct from, though closely 
linked with, all the older human institutions. It differs from 
them only in that, being more recent, it is still in its actively 
growing phase and its position with regard to the rest of society 
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is not yet in cquilibtium. Science has a long way (O go in 
making ils lull weight felt in human affairs. 

Throughout most of this book the emphasis will be on the 
natural rather than the social sciences^ apart from the two 
chapters (12 and ij) devoted to them. This is because^ until 
very recently and under the influence ofAIarxism^ the discussion 
of human relations in society^ itself almost the earliest of the 
fields of human knowledge^ had not emerged from the trammels 
of magic and religion. In more recent times^ as we shall sec 
(p. 689 f.)j the nascent social sciences have been reduced almost 
to impotence through the fear that they might be used to analyse 
and alter the economic and political bases of capitalism. It is 
partly for this reason that the social changes^ brought about 
through the effect of the natural sciences on the mode of 
production, have been neither planned nor understood and 
have often had, indeed are still having, disastrous results. 
It is only by the welding of a genuine social science with natural 
science that a satisfactory and progressive social control ol' 
social activities can be secured. 

Mankind has had at all times a “ Great Tradition,” com¬ 
prising the basis for what at different times has been deemed 
to be true belief and right action. This tradition, ever since it 
can be recognized as emerging from the dim past of pre¬ 
history, is essentially one, though we can discern partly inde¬ 
pendent branches in the Mediterranean countries, in India, and 
in China. The growth and change of this great tradition 
cannot be understood without science, but equally, science 
cannot be understood unless it is seen as a natural part of the 
common tradition. 

The remainder of this book represents an attempt to illustrate, 
by a consideration of different periods and sciences, the general 
place of science in cultural history. According to the plan 
already set out in the preface, this will follow, in increasing scale 
and detail, the whole course of science from its first appearance 
to the present day. As the story is told it should be easier to 
understand the compressed and abstract relationships that have 
been set out in this chapter, and to see how they emerge 
naturally from the very experience of human history. 
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INTRODUCTION 

B efore wc can understand science as wc know it today^ a 
social institution with its own tradition and its own 
characteristic methods, it is first of all necessary to look 
into its origins. Now the study of the origins of science presents 
a double problem. First there is the difficulty, inherent in all 
studies of origin, that as wc go farther back and reach the 
critical periods where the basic innovations were made, it 
becomes harder to find out what actually happened. But there 
is an additional difficulty in the case of science, due to the fact 
that science does not appear in the first place in a recognizable 
form, but has to be gradually distinguished from more 
generalized aspects of the cultural life of the times. It is 
necessary to search for its hidden sources in the histories of 
human arts and institutions. 

Because the essential character of natural science is its con¬ 
cern with the cfi'ective manipulations and transformations of 
matter, the main stream of science flows from the practical 
techniques of primitive man; it is shown and imitated, not 
learned by rote. The expression of science is, however, initially 
verbal and later written, and consequently the ideas and 
theories of science are drawn from social life and come in turn 
from magic, religion, and philosophy. 

The influence of the culture of ancient times affects our 
culture today through an unbroken chain of tradition of which 
only the latter part is a written tradition. The whole of our 
elaborate mechanical and scientific civilization has grown up 
from the material technique and social institutions of the 
distant past, in other words from the trades and customs of our 
ancestors. To find out about those trades and customs is the 


35 



SCIENCE IN THE ANCIENT WORLD 

task of the historians and their colleagues—the archaeologists^ 
anthropologists, and philologists. They must work from the 
material and written records of the past and from the analysis 
of the present customs and languages of primitive and civilized 
peoples. 

Now in these early periods the facts are fragmentary, imper¬ 
fectly known, and difficult to put together. Most are only 
accessible to experts in specialized fields who have usually been 
concerned with establishing the correct sequences and inter¬ 
actions of cultures and have rarely concerned themselves with 
the problems of seeking out the origins and influences of the 
sciences. Because I am neither a historian nor a scholar but a 
working scientist, my reconstructions are bound to be provi¬ 
sional and very open to criticism. It is however from such 
criticism, and from the research to which it should lead, that a 
coherent and reasonable picture can be built up. 

It would, of course, have been possible to leave out entirely a 
discussion of the earliest periods. A perfectly intelligible 
account of modern if not medieval science could be written 
without it. But to do so would be deceptive. So much would 
be taken for granted, as either self-evident or arbitrary, which 
was in fact the result of specific scientific and social factors 
operating in antiquity. For example, the great debate about 
the revolution of the heavenly spheres that marked the begin¬ 
ning of modern science is unintelligible without a knowledge of 
the mythological cosmological origin of these spheres, which 
reaches at least as far back as the earliest stages of' Mesopo¬ 
tamian culture (p. 83). 

In this section I will attempt to give in outline an account of 
the first creation and differentiation of science in relation to the 
early developments of human societies. The range of history 
covered falls into two major stages divided by the critical inven¬ 
tion of agriculture. The first stage covers the period of the 
Old Stone Age (palaeolithic). Lower and Upper, based on 
food-gathering and hunting. The second stage covers the 
periods of primitive village agriculture (neolithic); that of the 
first city and river culture in Egypt, Mesopotamia, India, and 
China (the age of bronze); and lastly that of the independent 
cities based on trade (the age of iron), including the classical 
civilizations of Greece and Rome. It is convenient for the 
purposes of this book to separate out this last period, partly 
because it is so much better known to us from written sources, 
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but even more because its tradition passed directly into that of 
modern science. Accordingly Part II will be divided into 
three chapters: Palaeolithic, Chapter 2; Neolithic and Bronze 
Age, Chapter 3; Iron Age and Classical^ Chapter 4. 

In each of these periods men made their contribution to the 
techniques and ideas which are the necessary basis of science. 
In the palaeolithic were produced all the major ways of handling 
and shaping materials, including the use of fire, the practical 
knowledge of the occurrence and habits of animals and plants in 
wild Nature, as well as the basic social inventions of kinship, 
language, ritual, and painting. The village culture of the 
neolithic gave, besides agriculture, weaving, and pottery, the 
social inventions of pictorial symbolism and organized religion. 
The Bronze Age added metals, architecture, the wheel, and 
other mechanical devices; of even greater importance, it 
produced the crucial social invention of the city itself—the 
civis of civilization, the polls of politics. It was the city that 
made the technical advances possible, and with them a whole 
complex of intellectual, economic, and political inventions— 
those of numerals, writing, commerce, in the framework of a 
newly evolved class system and organized government. Already 
a conscious science was arising and the distinguishable dis¬ 
ciplines of astronomy, medicine, and chemistry acquired their 
first traditions. 

The Iron Age did not cause a marked transformation in 
material technique, though it added glass and improved tools 
and machines. Its chief contribution was to extend civilization 
far and wide by the use of the cheap new metal—iron; but the 
social inventions of the alphabet, money, politics, and philo¬ 
sophy prepared the ground for the rapid development and 
extension of techniques and science. It was in this period that 
the Greeks assembled and developed, out of the technical 
experience of the older empires, the first fully rational science 
with a direct and unforgotten connection with our own. But 
the Classical period was also one of warfare and social conflict, 
slavery and oppression. Its final expression, the Roman 
Empire, gave little to science though much to public works and 
law. Owing to its inherent contradictions it gradually decayed 
politically and intellectually, and with its fall the science of 
classical antiquity went into eclipse though parallel branches 
in Persia, India, and China continued to flourish and to prepare 
the way for a new advance. 
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Chapter 2 

EARLY HUMAN SOCIETIES: THE OLD 
STONE AGE 


2.1 -THE ORIGmS OF SOCIETY 

T O find the earliest origins of science we must look into 
the period before there was any effective separation 
between the technical and ideological'aspects of human 
culture—into the very origin of humanity itself. Now the first 
and most fundamental way in which human beings differ from 
animals is that they form continuing societies with a material 
culture adding new scope to the capacities of naked bodies. 

Such societies must have had—as distinct from animal herds 
—better methods of getting food and protection than could be 
achieved by isolated individuals, and means of preserving and 
handing on these methods in the form of a continuous tradition. 
Already in their evolution from ape-like creatures, primitive 
men had inherited the essential bodily and mental equipment 
for seeing, grasping, and handling objects. In addition, they must 
have had from the outset a quite exceptional capacity for 
learning derived from a more generalized pattern of getting their 
living than most large mammals with specialized bodies and 
habits. It was this combined hand -eye capacity with an ability 
to learn that made the use of implements possible; first the 
casually picked-up stone or branch, then one deliberately 
selected and shaped for the job. But as long as such advances 
were confined to individuals, however gifted, it could not con¬ 
stitute a full humanity. For any implement to be available to 
all and capable of progressive improvement, its making and use 
must be taught and learned. It must effectively be standardized 
by tradition, and that implies a continuing society. 

The continuity of human societies was also made necessary 
and secured by the exceptionally long period during which the 
human infant is unable to fend for itself. This leads to a 
practically immortal family group through the association of 
different generations, particularly of the females. Grand¬ 
mothers, mothers, and daughters ensure an unbroken human 
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tradition. That is fundamentally why in primitive societies the 
maintenance of the tribe depends on the women. As kinship is 
reckoned through the mothcrs_, such societies are called matri- 
linear. A matrilinear stage seems to have occurred in all 
societies^ including those of our ancestors.^-^e It may even be 
that at a very early stage the women directed the affairs of the 
group^ so that the societies were also matriarchal. 

Now the methods which gave human societies their particular 
advantages were largely dependent on the use of material 
implements for catching, collecting, transporting, and preparing 
food, and also on a rapid means of communication to ensure 
co-operation in these tasks—in other words, on language. 
Through the use of implements man achieves a far greater 
and more generalized control over his environment than the 
animal most lavishly endowed with teeth or horns. Language, 
by gesture and voice, in addition to indicating the most effective 
use of implements, ensures both the coherence of society and 
the handing on of its accumulated culture to later generations. 

2.2- THE MA TERIAL BASIS OF PRIMITIVE LIFE 
Implements and tools 

Implements are essentially an extension of huma]i limbs—the 
extension of the fist and tooth with the stone; the arm wath 
the stick; the hand or mouth with the bag or basket; or an 
altogether new type of extension, by projection from the body, 
as when a stone is thrown with aim. The social control already 
necessary for the mere selection and use of implements became 
even more so when such raw implements came to be deliberately 
fashioned for their purpose. Every kind of instrument thus 
comes to be socially determined in its use, its form, and its mode 
of preparation. 

The continuity of tradition in primitive life is showm, right 
from the beginning of the archaeological record, by the actual 
objects made by primitive man himself. Even if we knew 
nothing about them from their use by contemporary savage 
societies, they would still bear evidence of their social origin. 
The implements of each type arc practically identical in any 
given culture or area and do not vary much over very long 
periods and very large areas indeed. Now even the simplest of 
stone hand-axes has to be shaped by a fairly elaborate process 
of chipping, a process that would take civilized man quite a 
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long time to learn. The fact that this shape is preserved shows 
the extreme stability of technical tradition. In other words the 
actual shaping of a flint implement is itself an institutional 
cultural activity which has to be learnt and executed with the 
greatest care in order to secure the degree of uniformity which 
we observe.^*^®**^® 

The uniformity is not, however, absolute. There are 
inevitable changes: improvements, borrowings, and combina¬ 
tions which have led, through a stage-by-stage evolution, to our 
present state of technique. But the important point is that 
through social conditioning man is able to have at his disposal 
at every stage of culture a reproducible, practically a standard, 
set of implements. Each tribal group, according to the way it 
gets its living, has a particular set, but many of these are 
common over vast areas. The habit of forming such standard 
sets, beginning in the early stages of primitive man, has been the 
major factor in preserving the absolute continuity of technical 
culture right down to our own time. 

There is a further implication in the existence of standardized 
implements, namely the presence of the idea of an implement in 
the mind of the maker before setting out to make it. More than 
this, some partly worked flints show a definite blocking out 
of the material before the work is started. Later this experience 
of conscious foresight is to become that of design and plan^ and 
hence of that characteristic of science—the experimental method. 
This comes from trying out various methods of making an object 
on models or drawings rather than always relying on full-scale 
trial and error. 

If an implement, such as a stone picked up and thrown, is the 
beginning of human technical progress, that progress becomes 
unlimited once the tool is developed. The tool—the implement 
to make implements—creates the possibility of producing far 
more different types of implements than could be simply 
selected or snatched from Nature. The process of making 
tools, first by chipping from stone, then by grinding, and finally 
from metal by hammering and casting, underlies all our modern 
techniques of dealing physically with material objects. The 
first stone hand-tools simply smashed what they hit; later they 
were developed to split, cut, scrape, and pierce.^-^^® Through 
the practice of tool making and tool using, men learned the 
mechanical properties of many natural products, and thus laid 
the basis of physical science. The use of tools not only made for 
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far more efficient hunting; it also provided a means of shaping 
and preparing softer materials—wood, bone, and skin. At the 
same time man, or more probably woman, was beginning to 
put things together—pinning, sewing, tying, twisting, twining, 
and weaving. In this way containers for food, water, and 
portable objects were evolved. 

Clothing 

Partly from the need to carry things about, at first only 
food and implements, came the custom of attaching objects 
more or less permanently to the body wherever a convenient 
hold could be made, in the hair, round the neck, waist, wrists, 
and ankles. These attachments tended to become distinctive 
and ornamental. Feathers, bones, and skins were added. 
Then came the crucial discovery that furry skins helped to keep 
people warm in cold nights and in winter. From this came 
clothes^ first in isolated skin cloaks and skirts, then sewn and 
tailored garments, complete body containers, such as the 
Eskimos make today. These, together with skin foot pro¬ 
tectors, enormously increased the range in area and in season of 
primitive man. So also, though in a lesser degree till settled 
agriculture came in, did wind-breaks, shelters of branches and 
leaves from which were to come huts and houses. 

Fire and cookery 

Almost every one of the early mechanical achievements of 
man, even to weaving and tailoring, had already been antici¬ 
pated by specialized species of animals, birds, or even insects. 
However, one invention, the use of fire, which must have come 
earlier than many of these, is altogether beyond the reach of 
any animal. How man came across fire, and why he dared to 
tame and feed it, is yet to be discovered. Wild fire is either 
confined to special localities, as in the neighbourhood of 
volcanoes or outlets of natural gas, or occurs very rarely, as 
with forest fires. Its preservation and propagation must at 
first have been a very frightening, hazardous, and difficult thing, 
as witness the universality of fire myths and legends. At first 
it must have been used to warm the body on cold nights— 
the Australian natives carry round fire-sticks which are used 
instead of clothes in cold weather—and to frighten animals. 
Cooking could only have come once the camp fire had become 
an established custom. 
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The tool-using and fire-using animal is well on the way to a 
scientific humanity. Just as the tool is the basis of physical 
and mechanical science, so is fire the basis of chemical science. 
First of all came the very simple and essentially chemical 
practice of cooking. It is from this apparently almost accidental 
use of fire that the more specifically controllable and scientific 
uses of fire in pottery and later in metal-making first arose. 
It is not very difficult to roast meat on sticks, or even to bake 
roots in ashes, but boiling represents a real problem, the solution 
of which was to lead to further great advances. The first 
ingenious idea was to heat water in leather buckets or water¬ 
proofed baskets by dropping in hot stones. Such stones, 
cracked by heating and chilling, have been found round pre¬ 
historic camp sites. The crucial discovery, however, was that 
by coating a basket with thick clay it could be put on the fire 
and actually improved in the process. In time it was dis¬ 
covered, probably towards the end of the Old Stone Age, that 
the basket could be dispensed with and clay pottery made that 
would hold water and stand fire. Boiling, however, still re¬ 
mained a luxury, pots were heavy and not easy to carry on 
hunting trips. Among the plains Indians of North America 
the term ‘‘‘ boiled meat ” is synonymous with a feast. 

Further, once containers which could hold liquids for long 
periods were in use, the slower chemical changes of fermenta¬ 
tion could be noted and used. From this new knowledge came, 
ultimately, the general idea of transforming materials by 
dipping or embedding them in reagents of which the first 
triumphs were the arts of the tanner and the dyer. Thus 
already in the Old Stone Age the set of practical recipes was 
built up from which rational chemistry was to arise. 

Animal lore 

The operative knowledge, however, and the use of tools and 
fire, is only one part, and possibly originally a rather small part, 
of the specific human use of accumulated and transmitted 
experience. Earlier, and more immediately important, was the 
observational knowledge of Nature, not Nature in any general 
sense but Nature as it appealed to man’s immediate needs, 
principally to his need of food. The knowledge thus obtained 
of the habits of animals and the properties of plants formed the 
basis of our biological science of today. A very large part of the 
interest of primitive man must have been directed to the collec- 
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tion and transmission of information on plants and animals. 
AnimalSj because of their movements and of the excitement and 
danger of hunting them^ attracted the greatest interest. 

Primitive art 

For this^ we have the evidence of the most detailed knowledge 
of Nature possessed today by all tribes still in the hunting phase 
and by the large part that animal dances play in their cere¬ 
monies. That this was also true in the past is shown by widely 
dispersed cave paintings^ drawings^ and sculpture, which are 
almost exclusively of animals. These representations do not 
stop at the outside of the animal, often bones, heart, and entrails 
are also shown giving evidence of the origin of anatomy arising 
from the cutting up of game. Indeed it is to this biological 
aspect of primitive life that we owe the techniques of pictorial 
representation, which are not only the fountain of the visual 
arts, but also of the graphic symbolism, mathematics, and 
writing, which have made rational science possible. 

2.3—THE SOCIAL BASIS OF PRIMITIVE LIFE 
Language 

Long before such elaboration was possible, human society 
was evolving language, its most powerful means of cohesion 
and development. Language is itself a means of production, 
possibly the first of all. The co-operation of several individuals 
in the pursuit of game with their bare hands or with unshaped 
sticks and stones is possible only by the use oi gesture or words. 
This may well have happened long before any instruments had 
been shaped for their purpose. Early language must have 
dealt mainly with the getting of food, including the movements 
of people and the making and using of implements. 

Flow early the acquisition of language must be is shown by the 
degree to which it has already influenced the inherited anato¬ 
mical structure of the human brain. The complex of eye and 
hand co-ordination which occupies well over half the human 
brain is essentially only an elaboration of that inherited from an 
ape-like ancestor. The corresponding complex of ear and 
tongue co-ordination on the other hand, though not so large, 
is practically a new creation. It can only have arisen and have 
implanted itself in human heredity after the origin of society. 

All mammals use their voices to some degree for social 
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communication, but usually for that of emotion—^for sex, anger, 
or fear—and the hearing of these cries in turn generates an 
appropriate emotional response. It was only later that the 
communication of emotion and action could add the com¬ 
munication of information about things and places. The 
transition is not complete, the undertone of emotion in language 
comes to the surface in poetry, song, and music, but it is never 
absent from spoken language and gives it a moving and even 
compulsive character which has contributed to the belief in the 
magic of words. Yet the magical aspect of language has always 
been subordinate to the utilitarian one.^-^® 

Language must have been, from the very beginning, almost 
entirely arbitrary and conventional. In each separate com¬ 
munity the meaning of sounds had to win acceptance and be 
fixed by tradition into a complete language capable of dealing 
with the totality of material and social life. For the same 
reason languages are as diverse as language is universal. 

Symbolism 

The objects and situations which language is used to deal with 
are always far more complex than the sounds used to describe 
them. As a consequence the words of a language are necessarily 
abstract and generalized symbols. They are sufficient, and no 
more, to indicate the conventional action that the situation 
demands. In the very act of creating their languages human 
societies are forced to generalize, to let one word stand for many 
different things and to use a verbal symbolism or shorthand. 
The manipulation of these symbols in the brain together with 
direct visual imagination constitutes human thought. The formula 
and theories of science are only natural and guarded extensions 
of the process of framing a language. Verbal symbolism, as we 
shall see, can be the source of error as well as of knowledge. If 
the emphasis is laid on the compulsive emotive aspects of words, 
they can become magic spells. If the symbol is taken for 
the material object or action, they may be the counters of idealist 
logic. 

Early social life 

Language, for all its variety and capacity to change, has a 
permanency far greater than that of technique. The Stone 
Age is over and done with, but the languages we use today are 
basically those that must have been spoken by some stone age 
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tribes. So the study of language—a living relic of the past— 
should be an essential supplement to the study of the surviving 
relies of material cultures.^-^s; 2.46 jjoth, together with evi¬ 
dence from existing primitive people, should be able to provide 
some picture of the social life of early times. This is not the 
place—nor am I the person^—to attempt such a picture, but 
only to indicate those parts that are relevant to the origin and 
influence of science. 

The relations of the members of a social group to each other 
must from the outset have profoundly modified the activity and 
feelings of individual men and women. The finding of food, 
its preparation and sharing out, the very eating of it in set 
and often ceremonial meals, were all social acts. They were 
specifically human Vjecause they mark a profound change from 
the unconditioned animal reaction to food—always eating it 
when hungry and keeping others away from it. Man’s re¬ 
actions on the other hand are highly conditioned through the 
traditional customs set up for the maintenance of the social 
group. To put it in another way, man is the only fully self 
training animal. In contrast to other mammals, where instinc¬ 
tive training is carried out by parents for the first few days or 
weeks of life, every human being who comes into the world is 
put through an elaborate process of education, beginning at 
birth and lasting for many years. The process of social 
conditioning or education is strictly traditional, and the tradition 
has maintained its continuity and changed very slowly from 
the beginning of society till this day (p. 705). 

Food-gathering and hunting. The division of labour 

Now the general ecological character of the human groups 
was determined at first almost exclusively, later very largely, 
by how they got their food. To begin with, they must have 
collected anything they could eat—seeds nuts, fruit, roots, 
honey, insects, and any small animals that could be caught with 
the bare hands. We know nothing, except by inference, of 
life at this stage. All primitive peoples still surviving have 
passed into the next stage, where food-gathering is supple¬ 
mented by hunting large animals. From the implements left 
behind it is possible to follow the increasingly elaborate tech¬ 
niques of hunting adapted for every kind of big game up to the 
mammoth itself. 

The one unbridgeable social division carried over from the 
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animal stage is that between the sexes. The necessarily small 
social groups of the early Stone Age maintained their con¬ 
tinuity through the women, while the young men for the most 
part must have gone off and mated with girls from other groups 
to which they then attached themselves. This corresponded 
to an economic division in which the women collected fruits, 
nuts, grains, and grubbed up roots and insects, while men 
caught small game and fish. At that level there was little to 
choose between them as food-getters. 

The further development of big-game hunting—a man’s 
business—increased man’s importance as a prime food-getter. 
It may be that this, combined with the extra strength, aggres¬ 
siveness, and skill that went with it, led towards the end of the 
Stone Age to the dominance of men over women, such as they 
have for instance among the Australian hunters. Families 
tended to become patrilinear and tribal customs patriarchal. 
This trend may well have been reversed when hoe agriculture 
came in, enhancing the woman’s importance. 

Totemism and magic 

The very existence of the group depended on the daily 
collection of food, and this in turn depended on the supply of 
animals and plants living within the workable collecting range 
of a few miles, and on the ability of men and women to catch or 
collect it. Now only the latter depended on technique, and this 
necessarily changed very slowly. The numbers of animals and 
plants, on the other hand, varied widely and sometimes cata¬ 
strophically. Man was entirely parasitic on uncontrolled 
Nature; what he could do by better techniques was only to 
deepen and widen the extent of his parasitism. He could not 
escape from it in reality till the invention of agriculture. 
Nevertheless he thought he could persuade and fool Nature to 
help him by methods which worked with his fellow tribesmen 
and with the animals he hunted. Magic was evolved to fill in 
the gaps left by the limitations of technique. By making each 
useful animal or plant the totem of a particular tribe or section 
of a tribe, by the use of images, symbols, and imitative dances, 
the primitive tribesmen believed that the animal or plant could 
be encouraged to flourish and multiply. This also led to food 
exchanges between different totem groups. Thus the elaborate 
social rules for relationships and for the sharing of food and 
ornaments could be linked together in one complex system. 
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As long as the rules of the totems were strictly followed the 
reproduction of the tribe and of its food supply would be 
secure. Linked to the totem is the ascription of powers to 
certain persons, animals, or objects; they arc tabooy sacred; 
they can only be handled in accordance with the strictest rules 
whose infringement brings frightful penalties. The concept of 
an object with latent manay power, or virtue has underlain, 
sometimes fruitfully, the development of science. For example, 
the fascination of the magnet, with its virtue of attracting iron, 
created the science of magnetism. Most often, as the virtues were 
imaginary, the worship of objects has prevented clear thinking, 
as with the importance given to that peculiarly useless metal 
— gold. 

I’lic totcmic system is still in operation among many primitive 
peoples today. Traces of it are to be found in all civilizations, 
including our own, especially in the most conservative spheres of 
religion and language. Indeed, as Thomson has shown,-*'*® the 
whole of our terms of relationship—father, sister, uncle, etc.— 
arc only to be understood in terms of totcmic relationships. 
We still preserve in our lions and unicorns the relics of the totem 
animals transmitted through heraldry. 

Ritual and myth 

More immediately relevant to science are the rituals con¬ 
cerned with totem ceremonies, particularly those of birth, 
initiation, and burial. That initiation rites were practised 
in the Old Stone Age is shown by the finding in caves of 
the indentations made in the soft clay by the participants of 
such rites and also by prints of mutilated hands. These rites, 
through which everyone had to pass, were accompanied with 
hymns expressing explanations or myths of the origin and 
development of the world in totem terms. This was the first 
formal educatioHy that is the inculcation of a set of explicit beliefs 
about the world and how to control it, which completed, though 
it never took the place of, the practical apprenticeship of 
the actual techniques of hunting, cookery, etc. One of the 
features of initiation ceremonies was the giving of names which, 
because they implied the relation of the candidate to the totem 
ancestors and consequently to the whole world, were considered 
of special importance and sanctity. Indeed, as etymology 
shows (nomen—name = gnosco —to know)y knowledge of names 
was the first explicit knowledge. 
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All myths in their first formulation must reflect the level 
of practical technique and social organization of their period, 
but, because of their association with rituals deemed necessary 
for the preservation of the life of the tribe and indeed of the 
universe, they change more slowly than the change of conditions 
and often become unintelligible till rc-interpreted in more up- 
to-date terms. The myth of the Garden of Eden, for instance, 
originally reflected the change from hunting to agriculture, but 
it has been used to cover the ideas of taboo, of sex, of the 
wickedness of knowledge, of blind obedience to God, and of 
original sin. Myths, even from different tribes, blend easily 
and go to form a somewhat incoherent common mythology. It 
is from such totcmic myths, after many changes but with an 
unbroken continuity of tradition, that not only the creeds of the 
religions, but also the theories of science have come down to us. 

2.4—r//£ ORIGINS OF RATIONAL SCIENCE 

The different kinds of knowledge acquired by primitive man 
—those from implements and tools, from fire, from animals and 
plants, and from the rituals and myths of society—were not, at 
their first winning, at all distinct. Wherever they existed they 
blended into one common culture. To understand the genesis 
of science out of such a culture it is not sufficient to describe its 
development in terms of the experience of the men of those 
times. It is also necessary to examine it in the light of modern 
science. We have to assess the range of what was known at 
any period and in any field of experience in comparison with 
the relative complexity of what there is to know. A fully 
rational and usable science can arise only where there is some 
hope of understanding enough of the inner workings of a part of 
the environment to be able to manipulate it at will to human 
advantage. Now objectively, the inanimate world is simpler 
than the animate and much simpler than the social, so that it 
was intrinsically necessary that the rational and ultimately the 
scientific control of the environment should follow that order. 

By making and using implements, man was transforming 
Nature according to his deliberate will. This was the origin 
of rational mechanics—the laws of the movement of matter in 
bulk expressed in the practical handling of the lever, the bow, 
the boomerang, and the bolas. Even without such an under¬ 
standing of the workings of Nature it was still possible for man 
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to take advantage of any portion of the environment in which 
there was any sign of regularity. It was only necessary for 
man to know what to expect, without any need to bring things 
about himself, and to be there to take what Nature gave. This 
is the field of the observational and descriptive sciences, such as arc 
the basis of the arts of hunting and of gathering fruits in their 
season. Beyond what might be controlled by direct human 
action and what might be expected from Nature, man still 
strove to exert his power, but by other means, at first magically, 
later in terms of religion. 

The interests of primitive man were in any case severely 
limited and practical. They were confined to the provision of 
the necessities of life—food, animals, and plants—and the 
materials for tools and equipment, together with other things, 
such as heavenly bodies or features of the landscape, deemed 
to have something to do with their abundance. If the area of 
the rational and the expected was small, it was still a very large 
part of what actually interested primitive man. As society 
has developed, the area of effective science has enormously 
increased, but the field of interest has grown as fast or even 
faster. There is no reason to believe that primitive man felt 
any less secure in his world than we do in ours. 

Mechanics 

The beginning of the rational is built into the structure 
of the physical universe and of the sensory-motor mechanism 
that had been evolved by animals in the course of thousands of 
millions of years in such a way that at each stage they make the 
best use of it. In the first place it derives directly from the 
visual-manual elements in the human body itself—the inherited 
eye-hand co-ordinations that gave man such advantage over 
other mammals, especially when he became a socicil animal. 
To put it another way, the possibility of rational thought for 
man begins in his relation to his physical environment. With a 
very simple device like a lever, for example, it is possible to 
know in advance what is going to happen at one end when you 
move the other. It was on the basis of this eye-hand co-ordina¬ 
tion that the rational science of mechanics first grew up. It 
was in this field, and in the first place this field alone, that it 
was possible to see and feel intuitively how things worked. 
This was enormously reinforced by the knowledge acquired in 
early techniques. The roots of statics and dynamics are to be 
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found in the shapings making, and using of implements. Thus 
it was that, long before any other science could exist, man had 
already achieved an inner and essentially mathematical logic 
in the physical handling of definite and discrete objects. As 
science advanced it was this physical aspect that always retained 
the lead in rationality over other aspects of science. 

Classification in primitive science 

It was only later, many thousands of years later, that the 
same physical methods could be used to deal with other aspects 
of human experience—the chemical and biological—and to 
make them as logically understandable and controllable, 
'Fhis does not mean, however, that the foundations of the 
biological and social sciences were not laid at this time, but only 
that they necessarily, from their very inner complexity, had to 
follow a different course. It was impossible to see, in the same 
rational way , what would happen as a consequence of any action 
in cookery or brewing. But it was possible to know what ^vould 
happen first by trying and then by remembering or being 
taught. In this field, and even more in that of animal behaviour, 
knowledge was essentially traditional. It was then also strictly 
irrational because it Wcis impossible with existing knowledge to 
understand and see the reasons why things happened. It did 
not, however, necessarily seem irrational, because the very 
familiarity of the experience made explanation unnecessary. 
In any case some mythical explanation could always be found, 
often in terms of abstract but personified operators like totem 
ancestors or spirits. The distinction between the rational and 
the descriptive fields was therefore never absolute. Further, 
there were plenty of likenesses and comparisons which could be 
made; whole classes of phenomena were roughly similar. It 
was in fact in this field that the practice of classification 
appeared which led to the development of the biological and to 
some extent the chemical sciences. These first classifications 
were necessarily embodied in language, which contains im¬ 
plicitly a theory of beings or things (nouns) capable of actions 
or passions (verbs). Here also arose a kind of descriptive 
reasoning by analogy, most often based on magic, which, 
though false at the outset, became more and more sure with the 
accumulation and sifting of experienced facts. Judging from 
the testimony of present-day savages, primitive peoples must 
have made a fairly clear distinction between the fields of 
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experience in which they had reasonably good control over 
things; those in which they could make a good estimate as to 
what would happen; and those in which they had to rely on 
ritual and magic. Nevertheless the close interlinking of these 
aspects made for very stable cultures. 

The sanctions of tradition 

The extreme slowness of change, as is borne out by the 
archaeological record, shows how closely early men clung to 
tradition in all fields. This was possible because they felt 
implicitly the unity of all their culture and the danger of stray¬ 
ing from tradition in any part of it. How could they know 
that any failure to carry out the customary rituals and to say 
the magic words would not result in the sudden overturning of 
the whole order of Nature: that it would not cut off the 
sources of food or bring disease? It was safer not to vary 
anything unless circumstances made it absolutely impossible to 
maintain the old tradition. 

2,5—THE TRANSFORMATION OF THE ENVIRONMENT 

So far we have discussed the origins of science in primi¬ 
tive society only in an extremely generalized way, emphasizing 
how its necessary adaptive responses gave rise to an increasing 
and better-ordered knowledge of the material, biological, and 
human environment. But this is only one side of the picture. 
The other is the development and use of techniques by early 
man, themselves altering that environment and driving him on 
to further fundamental changes in the pattern of life. They did 
this in two ways. 

In the first place each new technique enlarged the area of the 
usable or controllable environment. A new type of weapon, 
such as the bolus, for example, already fully developed in the 
Old Stone Age, made possible the hunting of fleet game in 
open plains. New equipment might have even more important 
consequences. Fur clothes, huts, and fire enabled early man 
to winter in the north. Such revolutionary technical changes 
enabled mankind to spread to new areas and to live in greater 
density in the old areas. In the second place the successful use 
of a new technique, such as burning a forest for clearance, 
would in the long run physically alter the environment itself 
and lead to new problems for which technical change offered 
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the only alternative to extinction. Other crises, often in¬ 
distinguishable by primitive man from those due to his own 
activity, were produced by uncontrollable changes in the 
physical environment due primarily to climatic variations. 
Both required cither movement away from old areas or the 
development of new techniques to deal with the new con¬ 
ditions. Whether technical changes developed from within the 
culture or were imposed on it by changes in external conditions, 
they certainly occurred. Further, as the archaeological record 
shows, the changes were mainly progressive and gave greater 
control over a wider section of the environment. 

Equipment at the end of the Old Stone Age 
Already towards the end of the Old Stone Age the archaeo¬ 
logical record shows man equipped with a rich array of technical 
devices—huts, sewn fur garments, bags and buckets, canoes, 
hooks, and harpoons. It can be interpreted the more easily 
because most, if not all of these arc found in active use among 
the present-day savages, notably the Eskimos, and in a more 
restricted way among the South African Bushmen and the 
Australian aborigines. Their technique was one limited to 
food-gathering and hunting. Not only was the major direction 
and aim of life turned to the pursuit of animals, but the equip¬ 
ment of the hunters was very largely made from the remains of 
the animals they had killed. It was on the basis of such a 
hunting economy that solutions were found to most of the 
mechanical and technical problems of shaping and joining 
material (Fig. i). 

It is interesting to note that although the materials have 
changed, most of the types of solution found at that time for 
these problems are still in use and arc often still the main basis 
of modern techniques. For instance, one of the major early 
problems of civilization was to find means for preserving and 
carrying liquids about. The first buckets and bottles were of 
skin, and although the materials have changed, the methods of 
manufacture have merely been adapted to use sheet metal for 
buckets and cans. Even when glass and plastic have replaced 
leather, the essential shapes have remained the same. Basketry 
was certainly known in the Old Stone Age, as were crude 
weaving, probably derived from it,^-^® and the plastic properties 
of clay. Further developments in that period of cloth and 
pottery were retarded not for any lack of technical ability, but 
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Fio. 7—PRIMITIVE TECHNOLOGY 

Eskimo Equipment 

(а) Harpoon with detachable head (component parts shown enlarged) 

(б) Bow drill. 

(c) Composite bow. 

Early Boats (drawn outlines from Norway) 

(d) Stone age skin boat similar to Eskimo umiak. 

(e) Bronze age boat—the strokes stand for crew. 
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because the conditions of nomadic hunting did not leave the 
women long enough in one place to carry out the complex 
operations of spinnings weaving, fulling, and dyeing, and at the 
same time there was little demand for goods such as clay pots, 
which were heavy to carry around (Fig. 2). 

Missiles and machines 

Particularly important for the history of science were the 
mechanical developments in hunting itself. The spear, the 
ihrowing-stick, the extremely ingenious boomerang, the sling, 
and the bolas, whose action depend on rather complicated 
dynamical and aero-dynamical movements of systems in space, 
are successive extensions of the simple art of throwing sticks and 
stones. More elaborate and far more significant for the future 
was the crucial invention of the bow, which seems to have 
occurred only in the latter part of the Old Stone Age. The 
bow represents the first utilization by man of mechanically 
stored energy, the energy stored up in bending the bow slowly 
in the draw being expended rapidly in loosing the arrow. The 
bow is consequently the first machine used by man. It must have 
led to far more efficient hunting, and its use seems to have 
spread very rapidly throughout the world (Fig. i). 

For the history of science, its interest is threefold. The 
study of the flight of the arrow stimulated dynamics. The bow 
drill, substituting the action of the hands—and liberating one of 
them—in twisting a fire-stick or a borer, was an early example 
of sustained rotary motion. The twang of the bow-string was the 
probable origin of stringed instruments and thus contributed to 
the science as well as the art of music. The other and probably 
earlier mode of producing musical sounds was from wind 
instruments, of which the horn and the pipe must go back to 
Old Stone Age times. Primitive man knew well enough from 
experience that air and wind were material. Pneumatics started 
with the breath. It could be directed by blowing or sucking 
through hollow bones or reeds. Air could be stored in bladders 
for floats, and pressed out of bellows for urging the fire. Its 
spring could be used in the blow gun for hunting or in the 
bamboo air pump for producing fire. This movement of a free 
or driven piston in a cylinder was to be the genesis of the 
cannon and the steam engine. 
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d.e—SOCIAL organizations and ideas 

Naturally^ because the records are material^ we know far 
more of the technical achievements of primitive man than we 
do of his achievements in the realm of ideas; but the little 
indication that we have^ combined with what we know of 
primitive races today, show that they must also have been very 
considerable. In the first place, it would be impossible to carry 
out the complex mechanical and organizational jobs of a 
hunting society without a considerable capacity for inter¬ 
communication and social organization. Hunting was often 
on a large scale, and of such animals as the mammoth or the 
wild horse, involving the skilful disposition of hundreds of men. 

There is, moreover, direct evidence of the development of 
myths and rituals in palaeolithic sites, particularly in burials. 
The very fact that burial was practised from almost the begin¬ 
ning of the Old Stone Age indicates an attitude towards the 
fate of man after death. The attitude seems a somewhat simple 
one; burials with implements and food are indications of belief 
in an after life not very different from that of contemporary 
religions. But certain practices, such as that of covering the 
corpses with red ochre to simulate blood, indicate a very 
considerable practice of magic. This is also borne out by all 
the remarkable paintings that lower palaeolithic man has left 
us in caves and rock shelters (p. 43). These paintings them¬ 
selves arc of an essentially magical nature and are aimed 
mainly at providing better hunting and more animals to hunt. 

It is fair to assume, on the analogy of present primitive tribes, 
that this evidence points to a whole complex of ritual, essentially 
composed of dances and songs re-enacting the success of the 
hunt with masked dancers representing the animals. It is 
from such ceremonies that the arts of the theatre as well as the 
rituals of religion must descend. The imitation of animals was 
of course for the purpose of deceiving them, and its success would 
not long be confined to animals. The deceptive actions would 
be transferred to war and the poetic fiction could easily 
degenerate into the plain lie. 

The medicine man 

At first all must have participated in ritual ceremonies, but 
towards the end of the Old Stone Age there is evidence of some 
beginning of specialization. The paintings in remote and 
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inaccessible caves must have been carried out by trained artists 
who must, moreover, have still participated enough in the chase 
to find and study their models in action. Among these paint¬ 
ings arc occasionally found single figures of men dressed as 
animals who seem to have had some special importance. In 
most primitive tribes today we find medicine men or shamans who 
are thought to have peculiar relations with the forces deemed to 
control those parts of the universe or environment that matter— 
primarily food, but also health and personal luck. These 
people are, to some degree, set apart from the whole-time 
work of food and implement production, and in return they 
exercise their magical arts for the common good. They are 
also responsible for the conscious preservation of traditional 
learning and consequently for its modification in a developing 
society. Their forerunners in ancient times are therefore the 
lineal cultural ancestors of sacred kings, priests, philosophers, 
and scientists. 

The theory of magic : Spirits 

The operations of the magicians were based, probably at first 
only unconsciously but afterwards explicitly, on an essentially 
imitative and sympathetic kind of theory of the working of the 
universe. From the evidence of the burials and pictures it 
would seem that this was already elaborated in the Old Stone 
Age. First likenesses and then simplified images or symbols 
could be so identified with the originals tliat operations on them 
were transferable by sympathy to the real world. An unbroken 
sequence links those images and symbols to those we use with 
such success in modern science, but centuries of experience and 
bitter struggles were necessary to distinguish the magical from 
the merely conventional value of symbolism. 

Another aspect of primitive thought which at some stage 
split off from imitative or symbolic magic was the idea of the 
influence exerted in the real world by spirits, and consequently 
the need to control or propitiate them. The idea of a spirit 
is in itself a highly sophisticated one. It probably originated 
from the inability to accept the facts of death; and early spirits, 
as the grave furnishings show, were conceived as very corporeal 
indeed. But because they had been members of the tribe when 
alive they were deemed to continue their concern with it. 
They were thought to work on Nature as live men did by 
direct action or by magic, and originally their power was no 
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greater. It was only later that the spirit (breath, geist, soul, 
psyche)—that which left the body at death—was imagined as 
separate from the body and capable of an invisible but not 
ineffective life of its own. 

Ultimately, the conception of spirit was to split into two very 
different ones. The first was the transformation of the spirit 
of a powerful man through that of a legendary hero into that of 
a to become the central figure in religion. The 

second was the divorce of the spirit from its human origin 
into an invisible natural agent such as the wind or the presumed 
active force behind chemical and vital changes. The latter, 
purged of its divine nature as will be shown in subsequent 
chapters, played an enormously important role in science, 
ending up when condensed as the “ spirits ” of the gin-shop, 
or remaining as the “ wild untameablc spirits ’’—the gas (or 
chaos) of van Helmont (p. 447)—that were ultimately to pass 
into the confinement of the gasometer. 

2 .^—the achievement of primitive man 

This all-too-brief survey of the techniques and ideas of 
primitive man should at least suffice to show how much had 
already been done by the end of the Old Stone Age in using 
human intelligence to control Nature by material instruments, 
and, through the workings of society in tradition and ritual, 
to ensure that the advances gained should be retained. The 
basis of mechanics and physics had been established in the 
making and use of implements, the basis o^chemistry in the use of 
fire, and that of biology in the practical and transmissible 
knowledge of animals and plants. Social knowledge was 
implicit in language and the arts, and had been systematized in 
totemism with the beginning of formal education in initiation 
ceremonies. 

The character of the society, determined by its dependence 
on hunting and food-gathering, was essentially communal, 
without any marked specialization and without class divisions. 

The limitations of a hunting economy 

The excellence of the technical and social achievements of 
palseolithic men was such that one may wonder why they were 
not able to maintain themselves indefinitely in that state. 
Indeed, some have apparently done so, but only in the most 
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outlying places^ such as the Arctic and central Australia^ or in 
the tropical forests. It is stilly however, doubtful how far these 
are really palaeolithic survivals or merely neolithic groups 
pushed back by especially hard external conditions on to a 
secondary palaeolithic hunting and food-gathering culture. 
For the rest, palaeolithic technique was perhaps too well adapted 
to its main purpose of hunting a limited number of species of 
game in a limited number of habitats, particularly open plains, 
if the conditions determining their abundance were altered, 
either by climatic changes or by over-hunting by the tribesmen 
themselves, the herds would die off and the tribesmen would 
cither have to move ofi'to more favourable regions, die away on 
the spot, as many tribes did and are doing today, or learn to 
change their hunting culture for another—a far more difficult 
task. 

The essential weakness of a hunting society is that it is 
parasitic on the animals it hunts. It is able to make the 
greatest use of the animals that are there, but not to control 
them in any positive way; that is, it can kill off the animals, 
but it cannot feed them or make them breed. In fact it was 
probably the very efficiency of late palaeolithic hunting that 
was a major cause of the disappearance of large animals in all 
the easy hunting grounds. Another contributory cause was 
changes of climate, which replaced the open happy hunting 
grounds by forests in some regions like western Europe or by 
deserts in others, as in Africa. Certainly hunting, about the 
period of the end of the Ice Age, ceased to be the most pro¬ 
gressive type of human culture, and though its arts and even its 
social organization were preserved, they persisted only as a part 
of a far richer and more progressive culture brought about by 
the invention of agriculture. 

There may also have been internal reasons rooted in the form 
of palaeolithic society that made it less able to cope with its 
environment, but it is still difficult to analyse them. Primitive 
societies of this level of material culture arc rare today, and 
their purely internal difficulties are masked by the destructive 
influence of more advanced cultures, particularly our own. 
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Chapter 3 

AGRICULTURE AND CIVILIZATION 

3.1—TOWARDS A PRODUCTIVE ECONOMY 
Agriculture 

T his chapter covers the periods usually known as the 
neolithic or New Stone Age and also the Bronze Age— 
the period of the early river civilizations of Egypt, 
Mesopotamia, India, and China. No attempt will be made 
to trace the histories of these civilizations, but only to bring 
out the part they played in the origins of science. 

About 8,000 years ago there began a revolution in food pro¬ 
duction that was to alter the whole material and social mode of 
existence of man. This was mainly, if not altogether, a result 
of the crisis in hunting economy discussed at the end of the 
previous chapter. The difficulties that men had to face at that 
time led to an intensive search for new or even old and despised 
kinds of food, such as roots and the seeds of wild grasses. 
This pursuit was to lead to the invention of the technique of 
agriculture, ranking with the utilization of fire and of power as 
one of the three most momentous inventions in human history. 
Like all great transformations it was not a single act, but a step- 
by-step accumulation of interlocked inventions all subservient 
to the essential achievement—the cultivation of seed-giving 
grasses. In essence this was a transformation of society from 
the exploitation of the animate environment to its control, the 
first step in the achievement of a fully productive economy. 

The origin of agriculture 

The precise origin of agriculture is and will probably long 
remain conjectural. The limitation of the plants and animals 
used in agriculture to a very' few closely related kinds—edible 
seed, grasses, horned cattle—points to it having arisen in a 
definite period in some limited area, probably in the Middle 
East. It is not even certain whether the growing of crops and 
the domestication of animals were always associated or were the 
result of the coming together of purely agricultural and purely 
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pastoral cultures. The evidenceseems to point to the 
former alternative. Originally animals may have been 
attracted by the extra fodder left by the grain-growers and 
tamed. Domestication was not absolutely new: already in 
the Old Stone Age the dog had been tamed. One small clue 
that has struck me is the almost universal means of cutting 
grain—the sickle —is clearly, from its shape and the teeth with 
which it was originally furnished, a substitute for the jaw of a 
sheep or other ruminant which is a very effective grass-cutter. 
It would hardly have been used, however, if sheep had not been 
fairly plentiful and presumably tameable in the very first stages 
of agriculture. The growing of crops is in any case a more far- 
reaching invention than the domestication of animals, for 
without supplies of fodder it is usually impossible to keep an 
adequate number of animals in a restricted area. Further, 
the market for meat, skins, and wool provided by the townsmen 
is essential to an extensive pastoral economy. A nomadic 
tribe of shepherds or cattle-men on the open ranges needs as 
much land as if it were hunting the same animals wild, while 
without a market from which weapons, ornaments, and supple¬ 
mentary food can be got there would be little incentive to 
exchange the excitement of hunting animals for the trouble of 
herding them. 

The cultivation of grain may, however, have arisen without 
any violent break in culture in a well-stocked region where wild 
grain was abundant enough to be plucked by the women and 
kept in baskets in permanent settlements. Enough seeds 
would get scattered around to produce crops worth reaping. 
The invention of agriculture is probably little more than a 
sufficiently clear understanding of this accidental occurrence 
to justify the practice of sowing grain as a deliberate sacrifice of 
good food, for a more ample return in the next season. This 
implies a certain fixity of settlement which may have been 
determined in any case by the limitation of open land in a forest, 
or watered land in a desert. There is some evidence that 
agriculture may have started on the alluvial fans of mountain 
streams on the edge of desert plains, which would be a natural 
point of retreat for game and men as the plains dried out. 

As grain-gathering was women’s business, agriculture was 
probably a women’s invention^ and in any case was women’s 
work, at least till the invention of the ox-drawn hoe or plough, 
for it was done with the hoe^ a derivative of the old stone 
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age digging stick with which women used to grub for roots. 
Where agriculture predominated over hunting in providing 
food it accordingly raised the status of women and halted and 
reversed the tendency to change the reckoning of descent 
through the mother [matrilinear)^ to that through the father 
{patrilinear)y which hunting had first induced. Only where 
stock-raising predominated^ as in the lands bordering the agri¬ 
cultural settlements^ was there a complete transition to the 
patriarchy—as we see it in the Bible. 

Whatever its origin^ agriculture led to an essentially new 
relation between man and Nature. Man ceased to be parasitic 
on animals and plants once he could grow in a small area as 
much food as he could hunt or collect over a wide range of 
country. In practising agriculture he controlled animate Nature 
through a knowledge of its laws of reproduction^ and thus 
achieved a new and far greater independence of external 
conditions. The first agriculture may well have been a mere 
scratching of the ground, or garden culture, carried out in 
patches temporarily cleared and then abandoned, a kind of 
nomadic agriculture which is still practised by many tribes 
today. But even at this low level the practice of agriculture 
had an explosive effect on human material and social culture. 
Compared with any of the changes that occurred in the Old 
Stone Age, it marked a new order of advance. It led to a new 
kind of society which was qualitatively different, because of the 
enormous quantitative increase in the number of people that 
could be supported on the same land. Hunting had to be a 
fairly continuous occupation, but agriculture depended on the 
seasons. Most of the population could be set free for other 
tasks for some part of the year. Thus agriculture brought new 
possibilities and with them new problems. 

Crafts of the field and the home 

Agriculture itself involved a set of new techniques in the 
growing of crops and the preparing of food from them, such as 
sowing, hoeing, reaping, threshing, storing, grinding, baking, and 
brewing. With them came a whole set of ancillary techniques, 
either, like weaving, made possible by ample supplies of wool 
and flax, or, like pottery and hut-building, arising from the 
possibilities and needs of permanent occupation. Hut-building 
was known in the Old Stone Age, but only in localities where 
there was enough game to allow of permanent settlement. In 
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agricultural communities it was universal. Everything con¬ 
spired to put a new tempo into cultural development. The 
need and the material means were there. The tyranny of old 
customs had to yield to new conditions. One new factor was 
the emergence of real property^ though first of communal and not 
of private property. In hunting communities most of what was 
produced was consumed on the spot^ and the only permanent 
goods—hunting gear^ cooking utensils^ and clothes—were in 
constant and largely personal use. In an agricultural com¬ 
munity^ on the other hand, land, cattle, huts, and stores of 
grain were always there as more or less fixed goods, largely 
communally held, and means had to be found of safeguarding 
and distributing them. At first this was done by extending 
and further complicating the totemic group organization. The 
rule was share and share alike inside each group, and ritual 
exchanges, minutely regulated by custom, were made between 
groups on ceremonial occasions such as weddings and funerals. 
But the new methods of production were in the end to be too 
much for the old system of distribution. Barter began to take 
the place of ritual exchange, individuals began to stress their 
claims to what they had produced, and private property, with 
its inevitable consequence of inequalities in wealth, came into 
being. The next stage—the formation of social classes —does 
not, however, seem to have developed until the founding of 
cities. 

Work 

Agriculture also introduced a new concept into social life: 
the concept of work. In the days of a hunting culture, work 
was not conceived as distinct from other aspects of life. Actions 
were closely related to their consequences. You hunted for 
food which you and yours were going to cat fairly soon. But in 
agriculture there was a long interval between what you did 
and what you got for it, and at the same time many of its opera¬ 
tions were tedious and exhausting in themselves and lacked the 
excitement of hunting. True, the food supply was more 
secure, but the possibilities of wonderful hunts and great feasts 
were lost. In fact the transition from hunting to agriculture 
was a transition which we now know in our legends as ‘‘ the 
fall of man.” Man left “ paradise ” or “ eden,” which means 
the plain or happy hunting ground, to take up working for his 
bread by the sweat of his brow. 
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Science and the new crafts 

Nevertheless^ the very indirect relation of work to its reward 
that agriculture introduced led to a further extension of the 
concept of cause and effect which was to become the basis of a 
rational and conscious science. For example, the whole life- 
history of animals and plants now comes under interested 
observation. It was necessary to know how they bred and 
grew, not only how to catch the one or gather the other. 
Similarly the new techniques that came in with agriculture 
introduced new mathematical and mechanical concepts. 
Weaving is clearly a further adaptation of basket-making, and 
both of them involve regularities, first of all actually practised 
and then thought about, which are at the basis of geometry and 
arithmeticTht forms of patterns produced in weaving and 
the number of threads involved in producing them are essentially 
of a geometrical nature, leading to a deeper understanding of 
the relations between/orm and number. Spinning was, with the 
possible exception of the bow drill, the first industrial operation 
involving rotation and may well in turn have led to the use of the 
wheel, which in the next period was to revol\\i\omz(t mechanics, 
industry, and transport. Po//^ry-making, on the other hand, 
was the first indirect application of fire and demanded far 
greater control of it than did lighting, warming, and cooking. 
The use of pottery was in turn to extend the range of cooking 
operations and was to make the smelting of metals and early 
chemistry possible (Fig. 2). 

The neolithic age 

The period between the first invention of agriculture and the 
founding of cities is usually known as the New Stone Age or 
neolithic age. It was so called because of the use of ground 
and polished stone implements in place of the chipped instru¬ 
ments of the Old Stone Age. In the centres of ancient civiliza¬ 
tion it lasted roughly from 5000 b.c. to 3000 b.c. The culture 
characterized by polished implements covers, however, a much 
longer period of time, and indeed there arc many peoples in 
the world today living in a state of neolithic culture. It would 
appear that these existing neolithic cultures have arisen in two 
ways. Some may be in direct continuity with primitive neo¬ 
lithic culture which spread widely from the original centres in 
the Middle East; others may have derived from a much later 
spread of bronze age peoples who, moving into regions where 
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Fig. 2.— influence OF BASKETRY TECHNIQUE ON 
DECORATIVE ART. (Pp. 52, 63) 

(a) Piece of woven matting to show how Greek key design originates from simple 
alternations. 

{h, c) Pieces of maninioth ivory of palaeolithic date from near Kiev. Note mis¬ 
takes and distortions. 

(d) Design from the tomb of Thutmosc III (c. 1500 b.c.). 
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they were cut off from the products of their parent cities, lost all 
but their basic neolithic material culture and retained only 
certain bronze age ideas, such as sun-worship. The first 
mcgalithic long-barrow folk, who came to Britain 4,000 years 
ago, may have been such a group. So also may the Poly¬ 
nesians who spread over the Pacific during our Middle Ages. 

The very persistence of neolithic culture over most of its area 
shows how in it man had achieved a new equilibrium, though 
now with the produce of soil and climate rather than as before 
with animals and plants in the state of Nature. 

The formalization of religion 

This transformation in the material basis of common life 
which came with the invention of agriculture was bound to 
have a profound effect on the mental sphere which was ex¬ 
pressed in new rituals and myths. The chief concern of the 
neolithic community was with crops. Accordingly the woman’s 
side of the tolcmic rituals for increase and reproduction of 
plants was emphasized and further developed. The most 
characteristic were fertility rites, in w^hich human matings were 
used to encourage the crops. The influence of rain on vegeta¬ 
tion, noticed in the days of hunting culture only indirectly 
through its effects on animal life, now became a matter of life 
and death. Imitative magic to produce rain became the 
other main object of ritual. 

This concentration tended to make ritual and magic more 
orderly and to bring about their transformation into government 
and religion. Regular spring and harshest festivals were cele¬ 
brated. Corn queens or kings and rain-makers w'ere chosen 
and given special consideration and powers because they were 
regarded as essential to the life of the community. The need 
to bury or kill the grain before a new crop could grow led to 
the idea of sacrifice, even of a human sacrifice, in which the 
king himself or his representative was called on to die for the 
welfare of the people. 

Village culture 

The characteristic economic and cultural unit of the neolithic 
age is the village. Now many centuries must have been needed 
to evolve the complex interrelationships of technical and 
economic operations carried on in a village that ensures its 
practical independence in its own territory. Village economy, 
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however, is strictly limited in scope and possibility of change. 
Even where it involves thousands of people, as in some African 
villages todayj it remains an economy in which nearly all 
the people are occupied most of the time in agricultural pursuits 
or in the production of locally made and locally used goods. 
The self-sufficiency of the neolithic village favoured its spread, 
but it hindered its further development. 

civilization 

River culture 

The first step towards a larger scale of operations occurred 
when people tried to practise agriculture in the wide alluvial 
valleys of such great rivers as were free from unclearable forest, 
that is, flowed in their lower courses through arid lands. They 
may have started from the low river banks, where seeds could 
be sown in the wet mud, as tribes in the Upper Nile still do, 
and then gradually cut back the marshes and cleared the river 
channels. Alternatively, the practice of agriculture in small 
upland valleys may simply have been pushed down-stream step 
by step into the great valleys. In either case there would be 
an incentive to canal cutting and embanking. In some such 
way a new kind of agriculture based first on natural, then 
on artificial irrigation came into being. In such a territory 
the village ceases to be the natural economic unit. Floods and 
droughts do not respect village boundaries; embankments have 
to be raised and canals have to be ciit by many villages working 
together, and the distribution of the water must be fairly par¬ 
titioned between them. When such co-operation, even that 
between half a dozen villages, was achieved or imposed the 
yield of the land of each of them increased. This marked 
another quantitative advance in food production, as it enabled 
a still larger number of people to live on the land, and this 
in turn led to a qualitative change in social organization. 

Extension of social co-ordination 

Social co-ordination over a far larger area than the simple 
village was in fact necessary to get the full value out of river- 
valley agriculture; but once it was achieved it was consolidated 
by its very success. Simply to increase the scale of an operation 
often leads to altogether unsuspected possibilities. When the 
tribes of the Nile villages federated, or were conquered so as to 
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form one economic unit, they were able almost at once to 
produce so much more surplus wealth that in the space of two 
or three centuries they were in a position to support the 
enormous economic burden of the State works of the first 
Egyptian empire. 

Another example, from more recent times, shows how impor¬ 
tant is the effect of organization by itself without notable 
technical changes. The Inca empire of Peru arose out of the 
welding together of a number of independent tribes each 
cultivating its own bit of valley, arranging its own limited 
irrigation canals, and living off its own produce. The energetic 
and domineering tribe of the Incas, later to become a kind of 
sacred aristocracy, partly by political genius, partly by force, 
made these tribes federate. They thus made it possible to treat 
whole valleys as one unit, to drive long canals, to terrace whole 
mountain-sides, and to arrange for the suitable division and 
appropriation of food. As a result, for the centuries during 
which their empire lasted, no one in Peru needed to go hungry. 
Now the interesting thing is that this system, although it did 
not employ any new techniques, provided a surplus of products 
great enough to maintain the Inca ruling classes—the children 
of the sun—in very considerable splendour, and it also enabled 
them to create within a matter of a few centuries a quite high 
level of intellectual culture and a remarkable architecture. 

Civilization could only have originated and first taken root 
in the well-watered river valleys, where cultivation by natural 
flow irrigation canals could be practised. Later it was to 
spread locally by the much heavier engineering works of lifting 
water for high-level channels, digging wells, and terracing hill¬ 
sides, but until the Iron Age it could never get far from the 
alluvial plains. Early civilizations were accordingly limited to 
a number of favoured areas, the main ones known to us being 
those of Mesopotamia, of Egypt, and of the Indus valleys, and, 
some centuries later, of the valleys of the Oxus and Yaxartes, 
the Yellow River, and the Yangtze. 

The origin of the city 

We are apt to think of civilization as arising primarily from 
the city —the civis —which gives it its name. But the city was 
actually a consequence and not the cause of civilization. A city 
differs from a village by the fact that most of the inhabitants are 
not food producers working on the land, but administrators, 
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craftsmen^ traders,, and labourers. Before a city can be founded 
the level of technique of agriculture must be so raised that the 
non-producers in the city can be maintained on its surplus. 
As we have scen^ such an agricultural technique requires at the 
outset some central organization. This implies a body of 
administrators covering a number of villages. One of thesc^ 
containing the temple of the leading totem god^ would naturally 
become the city where the surplus from the remaining villages 
would be collected and stored. As we do not yet know where 
the first cities werc^ the transition from village to city seems 
more abrupt than it probably was. The closest that we get to 
that transition is in lower Mesopotamia, where small cities are 
found built on village sites.^--^ Unfortunately we have no 
history of their founding, for writing had not yet been invented. 
Any later foundations of citiesare bound to have been 
influenced by the idea or even the experience of what a city 
should be like. That evidence suggests that cities were founded 
by bringing together part or all of the populations of several 
villages. 

A city may have arisen in the first place from the village 
of the chief water magician of the district, through whose 
instruction the irrigation was organized. There need have 
been no very abrupt transition. The digging of canals and 
working of sluices need at first have been little more than 
clearing out existing water-courses and breaking holes in 
naturally formed banks, very much as in historic times the 
elaborate dike systems of Holland were evolved from sand¬ 
pits and mud-banks. Here, as in all beginnings, art {techne) 
follows Nature {physe) as Theophrastus says: “. . . it is 
manifest that Art imitates Nature, and sometimes produces 
very peculiar things; some of which are for Use, others for 
Amusement only, as those employed in the ornamenting 
Edifices; and others both for Amusement and Use.” 2.44a,i39 
The city itself may have been a strengthened natural hillock, a 
refuge against floods afterwards sanctified as a temple platform 
in which the temple stood like a mountain, the prototype of the 
tower of Babel. 

Once a city was established, however, a new division 
appeared: that between town and country. This did not 
happen all at once; for centuries most citizens owned and 
worked lands outside the walls. The surplus provided by the 
new efficiency of agriculture went to the city; not much was 
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left for the villagers to enjoy. The Egyptian peasant of early 
dynastic times was probably rather worse off than his ancestors 
in the neolithic age as regards freedom and conditions of work, 
though he had a better and more regular food supply. But he 
was no worse off on either count than his descendants, the 
modern fellahin. 

The evolution of the house 

At first the cities hardly differed from villages: just an 
assemblage of huts, each with a courtyard for animals, the 
dwelling-place of one family, but usually one of several genera¬ 
tions, together with servants and slaves. As the population 
grew, more huts were added to the court, often as lean-tos 
inside the wall, making the first real houses. These came to be 
made of mud brick, as the danger of spreading fires from reed 
huts was too great. The life of the house centred round the 
court; the outer walls were windowless. In hot weather the 
family slept on the roof under an awning and later upper 
stories with windows appeared. The spaces between the 
houses gradually shrank into streets, though some WTre left for 
markets and the remainder for gardens. Round it all, as 
property grew and war threatened, was built a wall constricting 
and crowding it still more. When civil strife threatened as 
well, an inner fortress or citadel w'as built, from which armed 
men could dominate the city or into which they could retreat at 
need. 

Templesy gods, and priests 

The city was centred round a temple or big house, in which 
one god assisted by his priests superseded or ruled over a small 
pantheon of local village totem ancestors. 

The institution of gods is essentially one derived from city 
life, and was brought about by the exaltation of the simple clan 
spirits through the newly available wealth. For that reason the 
god might well be an animal, as in Egypt, or have animal 
doubles like Zeus and his eagle. The first gods, as we meet 
them in Sumerian legends of 5,000 years ago, were very human 
indeed. They had their councils, their quarrels and debates, 
very like an assembly of village elders. In each city sooner or 
later one God and his consort usually came to dominate, but 
the others were not abolished but assigned subsidiary roles. At 
the same time the growth of cities was marked by the increasing 
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separation of the God from tribal and village concerns and His 
identification physically with His house in the city^ and with the 
administration of His lands and property by His priests. From 
the beginning these priests ran the cities and drew the largest 
share of their benefits. They were the heirs of the medicine 
men of the Old Stone Age and of the magic kings of early 
agricultural communities^ though in Fgypt the magic king 
remained as Pharaoh^ ruler and high priest. Tlie priests formed 
the first administrative class^ having definite and indeed essential 
functions; they arranged for the distribution of water and seed, 
for the timing of sowing and harvest^ for storing of grain^ and 
for collecting and apportioning the herds and their produce. 

Craftsmen^ serfs, and slaves 

The physical work needed to maintain the organization of 
the economy was not^ however^ done by the priests^ or done 
only in a symbolic way. We see for instance pictures of the 
priest-kings of the ancient Sumerian cities carrying the first 
basket of earth from the excavation of a canal, and of Egyptian 
Pharaohs wielding a hoe^ much in the same way as their 
successors today lay foundation stones. A body of temple 
servants was required for collectings storing, and guarding the 
surplus produce. The temple itself became an establishment 
needing building and upkeep and the preparation of in¬ 
creasingly lavish ceremonials and feasts. The table ol' the god 
had to be well supplied. The exalted god naturally appreciated 
only the spiritual essence of the food^ while the priests tiad to be 
content with its material remains. All these activities required 
workers who tended to become more specialized and gradually 
altogether removed from the work of agriculture. Builders and 
carpenters^, potters and weavers, butchers, bakers, and brewers 
congregated round the temple and shared, though modestly, 
in its revenues. The first complete division of labour took place 
as these craftsmen were attached to their tasks and divorced 
from the land. Nothing could be too good for the gods, 
and, with supplies of materials assured from the agricultural 
surplus, the craftsmen rapidly improved their techniques. 
New crafts such as that of the jewellers and metal-workers were 
added to the old. In the cities the old clan organization of the 
villages, already overstrained by the appearance of property, 
was reduced to a formal role or continued as a guild mystery 
for the followers of particular crafts.^* 
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Class-divided societies 

Up to the present little has been written on the original 
process of transformation of village into city economy. The 
evidence may be there^ but it has not been fully interpreted. 
Wc badly need an economic and social analysis of the really 
primitive bronze age cities^ similar to that which Thomson 
has given us of the iron age cities of Greece.^*^® When the 
archaeologist reveals them the earliest cities seem far along 
the road of class-divided societies^ and early laws are quite explicit 
on the point. In the Code of Hammurabi {c. 1800 b.g.) for 
instance we find in a table of retributory penalties the 
following: 

If a man destroy the eye of another man they shall 
destroy his. 

If one break a man’s bone they shall break his bone. 

If one destroy the eye of a freeman or break the bone 
of a freeman^ he shall pay one mana of silver. 

If one destroy the eye of a man’s slave or break a bone 
of a man’s slave he shall pay half his price.*^-^-^ 

This implies three grades. In most early cities wc find 
citizens graded according to their wealthy including priests, 
merchants, and free craftsmen; there arc domestic slaves and, 
outside the city, there are peasants who are virtually temple serfs. 

We can only guess the early stages of differentiation of this class 
society, mostly on the basis of much later and more accessible 
evidence from Greece. It would appear to arise by a progres¬ 
sive modification of the sharing out of the produce of the village 
community, supervised by the priests, who managed to 
appropriate more and more on behalf of the god, and by the 
accession into the population of a number of disfranchised men 
and strangers, who had no right to any share at all. 

Trade and merchants 

The resulting inequalities were further accentuated and made 
permanent by trade^ which itself arose out of ritual exchanges 
and later became a necessity. At first this was effected by 
simple barter, then by the use of cattle [pecunia) as units, or 
through valuable goods convenient for exchange because of 
their ready transportability, such as shells, gold, and silver, and 
finally by credit. The need for specialized traders arose 
originally out of the need for foreign goods necessitating journeys 
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or even armed expeditions. These merchants, originally city 
or royal officials^ later set up on their own and came to live 
mainly by trade. At the outset the temple oi the king was the 
chief storehouse and bank on which all economic life was 
centred. There taxes were collected in kind ; from it distribu¬ 
tion was made of food and raw materials. Most craftsmen 
were virtually serfs^ receiving raw materials and food from their 
priestly or noble masters and handing over the finished goods^ 
though even in early times there came to be some independent 
craftsmen who bought their raw materials and sold their 
wares. Propertyless men sold their labour for wages. Those 
in need borrowed; those with superfluity lent at exorbitant 
interest; those who could not pay were sold as slaves. 

Law and the State 

Laws had to be evolved to prevent these transactions leading 
to losses to the temple or to bloodshed. These laws are among 
the earliest written documents. In some of them wc find 
everything regulated down to prices^ wages^ and doctors’ fees. 
Thus in the Code of Hammurabi we find the fee for setting a 
bone or curing diseased bowels is five shekels for a man^ three 
shekels for a freeman, and two shekels for a slave—the latter 
to be paid by the owner. 

The force behind the laws could no longer, as in hunting or 
even village communities, merely be the traditional sense of 
what was permissible or taboo, or even the clan responsibility 
for the doings of any of its members, to be settled by a feud or 
composed by a ceremonial payment. For a city where there 
was social inequality an apparatus of force was required. 

In the cities of Mesopotamia the original assembly of citizens, 
faced with threats of inner or outer violence, gave way to one- 
man rule either in the form of the ensi or chief temple administra¬ 
tor, or of the lugal, great war chief, but also priest of the god. 
In Egypt the divine priest-king. Pharaoh, was from the first 
dynasty head of the State. The laws were enforced and the 
taxes collected by a body of temple servants with police powers. 
The king also arrogated to himself the right of punishment by 
fine, imprisonment, beating, or death. The power of the State, 
though vested nominally in an individual, was in fact dependent 
on the support of the whole of the upper classes of priests and 
merchants, tempered only by the fear of popular revolt. 

We shall follow in this book the rise and fall—the developments 
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and differentiation—of the class society during its 5,000 years of 
existence. We shall see it in turn as a social form assisting, 
holding back, or destroying the chances of human advance¬ 
ment. At its very inception, however, there can be no doubt 
of its generally progressive character. It gave an enormous 
impetus to the development of techniques and to the beginning 
of a rational approach to them from which science was to 
arise. 


3.3—THE TECHNIQIJES OF CIVILIZATION 
I he discovery of metals 

The organization of river-plain agriculture was the decisive 
economic factor in the first rise of cities. The major technical 
advance that accompanied it was the discovery and use of 
metals^ particularly that of copper and its alloy bronze, which has 
given its name to the whole era of early civilization. How¬ 
ever enormous was the subsequent importance of metals to 
technique and science, they cannot have acquired this import¬ 
ance from the outset. The word for “ metal ’’ comes from a 
Greek root meaning ‘‘ to search,” which implies their early 
scarcity. At first metals were such rarities that they were used 
only for luxury articles. The agriculture and most of the crafts 
of the city were carried on by stone techniques. Metal was not 
even strictly necessary to civilization. None of the great cities 
of the Mayas or the Aztecs ever knew it except for ornaments; 
all tools were of stone. 

Metals, apart from gold and a little copper, are not found 
in the raw state, their extraction and preparation imply a 
long experience and even possibly deliberate experimentation. 
The original impulse may have come from the interest that 
primitive man, even in the Old Stone Age, had in all oddly 
shaped and oddly coloured objects. Bits of metallic ore were 
bound to attract attention, and in fact have been found in 
necklaces and other ornaments. It is perhaps more than a 
coincidence that there was a very considerable trade and use of 
malachite, the most easily reduced ore of copper, as eye-paint 
in pre-dynastic Egypt. The use of metals for tools must have 
been a secondary consideration. 

The first of the metals, because it was the most obvious in the 
native state, was gold.But gold nuggets, unlike the hard 
and brittle stones used for implements, were plastic. They 
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could be beaten out^ and a technique of metal-working was 
developed long before metal could be extracted from the ore. 
Native copper nuggets,, though not so conspicuous or orna¬ 
mental,, could be beaten out into pieces hard enough for tools. 
This was found to be easier if the metal was first heated or 
annealed before hammering. This association of metals with 
fire techniques probably led to the next steps^ the reduction or 
smelting of carbonate copper ores and the melting and casting 
of the metal produced. Recent research seems to show that 
these steps took place in this order. Both require higher 
temperatures than can be reached in an ordinary fire, and the 
evidence points to their association with the production of 
glazed pots in a kiln with a good draught. A major problem 
in accounting for the origin of metallurgy is that the localities 
of native copper or surface oxidized copper ores are usually in 
hills remote from agricultural centres. It is still an open 
question whether metallurgy started in the mining areas and 
the products were rapidly taken up in the cities, or whether 
both ores and metal were first accumulated in the cities and the 
technical advances made there. Even if the latter was the 
case, transport difficulties early in the metal age sent smelters 
out near the mines. 

Effects of the use of metals 

The production of metal implements and utensils is another 
technical advance marking a new qualitative change in man’s 
control of his environment. Metal tools are far more valuable 
and durable than stone tools, and metal weapons are ver>^ much 
more effective than stone ones, both against animals and human 
enemies. Metal vessels can stand fire without cracking. 

On the other hand, metals were for centuries very expensive. 
Copper ores are sparsely distributed in distant and inaccessible 
places and tin ores even more so. Both are needed for bronze, 
with its low melting point, which made casting feasible. Bronze 
is far harder than copper, and its use made metal superior to 
stone for all tools and weapons. Metals and their ores imply 
distant trade, and with it the inevitably high cost of primitive 
transport; this must have added very much to their price in 
the city. Consequently their use was restricted at first to 
adornment for the temples, utensils for the king’s table, tools 
for the city craftsmen, and then, as war became more common, 
for weapons. 
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The craft of the smith 

The techniques of metal-making and the use of metal tools 
were of enormous importance to other techniques and in en¬ 
larging the craftsman’s knowledge of the physical and chemical 
properties of matter. Sheet and wire were made by hammering 
and drawings and castings weldings soldering, and riveting were 
developed extraordinarily quickly. These techniques were used 
to create rich and complex ornaments, vessels, and statues. 
Because metal-working in bronze, silver, and gold was developed 
at a relatively late period, unlike pottery and weaving, it was 
specialized from the start and seems to have been in the hands 
of close guilds of smiths. This was an occupational clan, one 
early example of what was to become the whole system of 
minor castes in India. The metal-workers must have had a very 
close guild, as many of their processes remained secret till 
recent times, or have been lost because no written record was 
left (p. 429). 

The early smiths, apart from those involved in mining and 
smelting, were mainly concerned with working up metal from 
ingots or scrap. Most of them must have lived in the cities, 
but we know from the hoards of scrap and half-made tools they 
left behind that they must also have travelled around the 
country like a superior kind of tinker. 

The value of metal tools and weapons did not lie only in their 
durability. The fact that a metal tool could take a much 
thinner section than stone made it cut clean, not merely notch 
or break. Thus the use of metal tools, particularly the knife, 
chisel, and saw, transformed the working of wood and made 
jointed carpentry and coursed masonry practical on a large scale. 
The first machines, particularly the wheeled cart and the water¬ 
wheel, were only possible thanks to metal. Even in the basic 
craft of agriculture the ox-drawn hoc or plough became fully 
effective only when metal replaced stone for its earth-breaking 
share. 

Transport 

The mechanical inventions of the first civilization were 
destined to have immediate as well as long-term effects. The 
very existence of the early cities depended on the ability to 
organize the effective transport of materials in bulk. Food 
from the countryside was needed for thousands of people in the 
city; trade goods had to be exchanged with other cities, and 
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metalsj wood,, and even stone had to be fetched from distant 
forests and mountains. This led to great improvements and 
radical innovations in the means of transport which were to 
have far-reaching consequences to civilization^ and especially to 
the growth of science. 

The ship 

As the early civilizations grew, first round large river valleys 
and their associated deltas and lakes, they must from the be¬ 
ginning have depended mainly on water transport. Under the 
stimulus of that need, the primitive dug-out canoes, the bundles 
of reeds, or the bamboo rafts were built up by almost imper¬ 
ceptible additions, continually tested by practice, into service¬ 
able ships, capable of conveying goods in bulk. Indeed, the 
early political unification of Egypt was made possible and even 
necessary by the use of the Nile as a waterway. Early boats 
and ships were propelled by paddles or oars and were to con¬ 
tinue to be so for many centuries. However, at some date 
around the beginning of civilization came another crucial 
invention—that of the sail. This enormously increased the 
range of shipping; but it is of prime importance as the first 
application of inanimate power to human needs, the prototype 
of the wind- and water-mills, of the steam engines and aero¬ 
planes that were to come later. 

The rivers and lakes were the training grounds for venturing 
on the sea, though here the fishermen may have anticipated 
the traders. Sea travel in turn imposed new problems in ship¬ 
building, demanding much firmer construction than was 
needed for river craft. Further—and this was a point of the 
utmost importance to later science—it imposed a need for 
finding the way when out of sight of land. The most primitive 
method was that of the land-finding bird, as in the legend of 
Noah’s ark. Land-finding by the stars implies some idea of a 
map. Navigation by sun and stars was second only to the 
calendar in its demands for practical astronomy. 

The wheel 

As significant for the future advance of technique and science 
was the development of land transport which combined two 
critically important ideas: the use of animal power and the wheel. 
Animals had been tamed and bred, at first for food, to satisfy 
more amply the old hunter’s needs. Now they had a new 
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function in doing work^ in drawing wheeled carts and in taking 
the place of women in pulling a hoe, thus transforming it into a 
plough. 

The first use of animals for transport was probably with the 
pack-saddle. Early man, to judge from the absence of any 
pictures of him doing so, must have been very chary of riding 
even donkeys. After the pack-saddle may have come the 
travois —a pack tied to two poles trailing on the ground—still 
used by some Siberian tribes. This invention does not, how¬ 
ever, seem to be the origin of the cart, for in the earliest of 
these we find the yoke and pole of the plough rather than the 
shafts of the travois. The need to move heavier objects that 
could not be broken up into loads, like tree-trunks for beams, or 
stones for great buildings, came only with the rise of cities. 
For this the first solution was the sled, probably only an enlarged 
version of the light sleigh of the forest hunters. Heavy sleds 
could be cased downhill, but along the level tree trunks came in 
handy as rollers. 

The crucial transition between roller sled and cart was 
probably a city-inspired one, though, once made, the cart 
spread rapidly to country districts. The real ingenuity lay in 
securing a solid roller to the body of the cart so that it could 
turn without coming off. In early Mesopotamian carts and 
some Indian carts to this day the axle turns with the wheels 
and is held in place by leather straps. This was the first true 
bearing, though the door, with its post and socket, must have run 
it close. The next stage came in enlarging the ends, first with 
solid baulks to make wheels, and devising a leather and then 
metal tyre to hold them together. The first development of 
the wheeled cart seems to have been by the Sumerians, possibly 
before they came to Mesopotamia. The Egyptians, whose 
cities were never more than a few miles from the Nile, used 
boats for most transport; wheeled vehicles were introduced 
very late. The light, spoked wheel for war chariots, turning 
freely, came much later, near the end of the Bronze Age, for it 
required the extremely accurate joining of the wheelwright. 

These inventions were to have enormous material and 
scientific consequences. The cart and the plough between 
them enabled agriculture to be spread over all open plains and 
so far beyond the limits of the old civilizations. The two¬ 
wheeled ox cart of the Early Bronze Age was the early prototype 
of the covered wagon that was, 4,000 years later, to open the 
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prairies of the New World. In level country^ wherever plough 
and cart could be uscd^ they added to the eftective surplus 
of agricultural produce, as well as making possible foreign im¬ 
ports in bulk. The lever and inclined plane, already used in 
the great constructions of temples and pyramids, had laid the 
foundations of mechanics. The use of the wheel, from which 
were to come water-wheels and pulleys, was to build on these 
foundations a new edifice of theory that could reach from earth 
to the wheeling skies. The twelve spokes of the sacred wheel 
marked off the months of the year, while the wheel itself in 
motion became the sun-cross or swastika, a symbol first of 
innocent then of sinister portent. At the same time the in¬ 
creased possibilities and speed of transport by cart and even 
more by ship, together with the need to know the sources of 
valuable materials, led to deliberate exploration and to the 
beginnings of geography. 

The invention and the subsequent development of all these 
new techniques furnished an enormously extended field for 
scientific understanding, just at the time when the organiza¬ 
tional needs of the new civilization were bringing into being the 
intellectual means by which that understanding could be 
expressed and transmitted. 

3.4. -THE ORIGIN OF QUANTITATIVE SCIENCE 

Reckonings writings and science 

The wide scope of operations and the large quantities of 
materials and services involved in operations of the city temple 
provoked this qualitative change which marks the beginning of 
conscious science. In the first place, when they could no 
longer trust to their memories, the priests were obliged in some 
way to record the quantities of goods received and handed out. 
'rhis implied the use of measure, first as a mere convenience— 
baskets of grain, jars of beer, pieces of cloth—but then, in order 
to make them comparable, some standardization was necessary. 
A set of definite temple or royal measures was adopted and 
gradually, for the benefit of foreign trade, partly co-ordinated 
between different cities. Probably later, but still very early, 
is the measure of weight implying the use of balance with its 
incalculable consequences for science. The balance must be a 
city product; in village economy there is nothing that cannot 
be counted or measured—a shoulder of mutton, a load of wood. 
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It is in the first place required for valuable metal which cannot 
be measured and where a “ piece ’’ is too indefinite^ so that 
weights are needed. The balance, the only way of comparing 
weight, bears all the marks of being a scientific invention. Its 
prototype was probably the pole and basket load carrier balanced 
on the shoulder. It needed, however, considerable reduction in 
scale to be really useful for weighing precious metals (Fig. 3). 

Numbers and hieroglyphics 

Even before the standardization of measure it was important 
to record the numbers of objects, whether they were heads of 
cattle or baskets of grain, that were being collected or handed 
over. At first this would be done by making mere cuts on a 
slick, then by single strokes written on a tablet or lump of clay , 
(hen by more elaborate designations of large numbers. For the 
records, where what was in question might have been forgotten, 
the number symbol was followed by a picture or shorthand 
symbol of the particular object to indicate what it was that w as 
being counted. 

By extension these symbols came to cover actions as well as 
objects and so to stand for words, either by their meaning alone, 
as in Chinese, or in part sound-part meaning combinations, 
as in Mesopotamian cuneiform or the Egyptian hieroglyphics 
that seem to have been inspired by it.^*^® The final simplifica¬ 
tion of the true alphabet, where the symbols stood for sounds 
alone and not for words, did not occur till the Iron Age. In 
this way writings that greatest of human manual-intellectual 
inventions, gradually emerged from accountancy. As Speiser 
put it, “ Writing was not a deliberate invention but the inci¬ 
dental by-product of a strong sense of private property.” 
First, official statements in the nature of propaganda, praises of 
kings, hymns to the gods, and last of all science and literature, 
came to be written dowm. 

Mathematicsy arithmetic, and geometry 

But mathematics^ or at least arithmetic^ came even before 
writing. The manipulation of the signs for objects (as simple 
symbols) meant that it w^as possible for the first time to perform 
the elementary operations of addition and subtraction without 
counting the real objects in the field. For this it was a matter of 
matching one collection of objects against another. First came 
the standard collection, the ten fingers of the two hands, the 
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Fio. 3 -EGYFriAN TLOTNIOUES SHOWN ON TOMB OF 
RLKHMIRE (c, 1470 b.g.) 

W weight) and cabinet-making (note use of bow- 

(4) Brick-making’and building (note balanced loads). 

(J\ (note foot-operated bellows and absence of tongs). 

brkk?arrie'r)’‘"‘^ weighing precious metals (note similarity®of balance to 
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digits of arithmetic^ the origin of the decimal system. In a 
pyramid text the soul of an Egyptian pharaoh is challenged by 
an evil spirit to show that he can count his fingers and 
triumphantly passes the examination. For more complicated 
countings and for adding and subtracting, stones {calculi) 
could be used^ which gave us the term for all our calculations. 
Later they were replaced by beads arranged in tens on wires, 
making the first and still very useful calculating machine, the 
abacus. The introduction of measure made it possible to 
extend adding and subtraction to quantities. The more com¬ 
plicated operations of multiplication and division came when 
shareable quantities were involved, particularly quantities 
connected with public works—the digging of canals, the 
building of pyramids. 

The operation of building itself also contributed, probably 
even before land survey, to the foundation of geometry. Origin¬ 
ally, town buildings were simply village huts made of wood or 
reeds. In the restricted space of a city, with the added danger 
of fire, mud was a great improvement on reeds. The next 
step was to have even greater consequences: the invention of 
the standard moulded block of dried mud—the brick. The 
brick may not be an original invention, but a copy, in the only 
material available in the valley country, of the stone slabs that 
came naturally to hand for dry walling in the hills. Bricks 
cannot conveniently be piled unless they are rectangular, and 
their use led necessarily to the idea of the right angle and the use 
of the straight line —originally the stretched line of the cord- 
maker or weaver (Fig. 3). 

The practice of building in brick, particularly of large 
religious buildings of pyramid form, gave rise not only to 
geometry, but also to the conceptions of areas and volumes of 
figures and solids reckonablc in terms of the lengths of their sides. 
At first only the volume of rectangular blocks could be esti¬ 
mated, but the structural need for tapering or battening a wall 
led to more complicated shapes like that of the pyramid. The 
calculation of the volume of a pyramid was the highest flight of 
Egyptian mathematics and foreshadowed the methods of the 
integral calculus.^-®^ 

Also from building came the practice of the plan to scale. 
Such a plan for a town together with the architect’s rule is for 
instance shown in the statue of Gudea of Lagash in c. 2250 
b.c. 2 . 28.205 With these mathematical methods an administrator 
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w as able to plan the whole operation of brick or stone building 
in advance. He could estimate accurately the number of 
labourers w^anted^ the amount of materials and food they would 
nced^ and the time the job would take. These techniques were 
readily extendable from the city to the country in the lay-out of 
fields^ the calculation of their areas, and the estimate of their 
yields for revenue purposes. This is the origin of mapping 
and surveying. It was this practical use that later gave rise to 
the term for georrietry- land measurement. Mathematics^ indeed, 
arose in the first place as an auxiliary method of production 
made necessary and possible by city life (Fig. 4). 

Astronomy and the calendar 

The ability to count and calculate, derived from practical 
needs of the temjdc administration, was of immediate use to 
them in another of their capacities: the making of calendars 
and the development of astronomy which this entailed. Early 
man must have paid some attention to the sun, moon, and 
stars, but was apt to be more concerned with the violent 
performances (jl' the heavens, such as thunderstorms, than 
with lh(^ completely reliable and regular phenomena of day 
and night. Such a calendar as he needed was provided by 
the moon, around which had collected much ritual and 
myth, 2-46 but which at first made little call on mathematics or 
astronomy. 

With the advent of agricultural civilization, the year rather 
than the month became important. When agricultural opera¬ 
tions had to be planned on a large scale it was necessary to 
know when to start getting ready to do them. Of course 
Nature often gave fairly good intimations. The first of these, 
which were afterwards debased into the superstition of augury, 
came from the very practical linking of the birds with the 
seasons. The cuckoo is significant because he heralds the 
spring. He may even be thought divine for bringing it. An 
acute observer of Nature has a fairly good calendar without 
bothering to count the days at all. 

However, in at least one place—the Nile valley—the flood 
is a regular annual phenomenon for which it is essential to pre¬ 
pare beforehand. The actual length of the year, 365*2422 . . . 
days, is not easy to find. It requires prolonged and careful 
observations of the sun and the stars. Such observations were 
carried out by the priests in Egypt, and already in c, 2700 b.c. 
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led to the compilation of a solar calendar that continued in use 
for thousands of years. 

The Sumerians and their successors in Mesopotamia were 
too attached to the moon to accept such a simple solution. 
Instead they tackled the far more dilficult task of reconciling the 
lunar and solar calendars. This required recorded observa¬ 
tions extending over many generations and the development 
of accurate computations. It was here that there developed 
the sexagesimal system—360 degrees in a circle (near enough 
to the days in a year); 60 minutes in an hour; 60 second ” 
minutes in a minute—which we still use for angle and time 
measurements. 'Fhese calcndrical computations were carried 
out by means of extensive mathematical tables. These tables are 
elaborations of those used for business accounts. From them 
has come much ol‘ our algebra and arithmetic, including the all- 
important place notation that was to return centuries later as the 
Arabic (Babylonian^ Persian^ Hindu) numerals we still use.^*^^ 

Astrology 

The practice of observation carried out in the temples of all 
the ancient civilizations^ including those of America, extended 
I'ar beyond the needs of the calendar. The sun, as the regulator 
of the year, the bringer of the harvest, came to be worshipped 
as a god. The moon, though ousted from the primacy that it 
had in the time of the hunters, was not neglected, and observa¬ 
tions were extended to the brilliant erratic stars, the planets, 
that acquired minor divinities of their own. 

All this was far more than agriculture or even navigation 
required, but by then the calendar and the astronomy needed 
to draw it up had acquired religious significance. The calendar 
itself was necessary to fix an ever more complicated set of 
religious holy days, the scrupulous observance of which, as 
with our own Sun&ay, w as considered essential to the preserva¬ 
tion of the order of Nature. 

Astronomy was finding other uses. Its study was, from the 
start, linked with religion. It dealt with the sky-world in 
which the spirits, particularly those of the sacred kings, lived 
after death. At first the sky-world was pictured very much like 
the world below. The Egyptians thought of it as a flat cover, 
resting on the hills, through which flowed the celestial Nile— 
the Milky Way. The Babylonians at first pictured it as the 
inside of a vast four-square tent from which the stars hung like 
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lamps. It was only after the invention of the wheel that the 
turning of the sky on its axis round the pole could be accurately 
imitated. Chinese astronomy seems to have started from this 
idea of rotation. This is shown by the antiquity of the pi, 
a wheel-Jike object representing heaven which can actually be 
used to fix the position of the stars of the Plough, Chinese 
astronomy retained the dominance of the circumpolar stars 
rather than the ecliptic for many centuries.^*^ 

The idea of regular rotation of the heavens led to a great 
emphasis on the movements of the heavenly bodies. It was 
argued that if these regular recurrences in the heavens affected 
Nature and brought about the seasons^, they must equally affect 
the condition of man. At first it was only the divine king who 
was eii rapport with the skies; but ultimately the privilege 
became more common and every individual who could pay, 
might regulate his behaviour by the stars. The seven planets 
were completely domesticated and still preside over the days 
of the week. Even their order—Sun, Moon, Mars, Mercury, 
Jupiter, Venus—was originally astrological. Astrology was 
always intimately connected with astronomy and, in spite of its 
essential fiillaciousness, it was the major reason why men 
occupied themselves for millennia with observations of the stars, 
whicli, had they not believed in astrology, would have seemed 
v(‘ry remote and ineffectual. 

Medicine 

The other occupation that shared with astronomy the 
distinction of being an upper-class profession was that of 
medicine. But here, although the prestige was probably as 
great, the real success, because of the essential complexity of 
living systems, was bound to be much less. There was in fact 
practically nothing that a doctor of those times could do 
except deal with some obvious wounds, dislocations, and frac¬ 
tures, and try to prevent the patient from killing himself, or his 
relations from killing him by unsuitable treatment or diet. 
Where the doctors could succeed, however, was in diagnosis. 
They had in the city enough cases to enable them to compare 
one with another, and such comparisons, extended by conversa¬ 
tion and codified by tradition, are themselves a beginning of 
science. Doctors, long before writing, carried on their tradi¬ 
tions orally, first in closed clans which could then be widened 
by teaching and adoption (p. 131). From the noticing of 
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diseases^ and even the recording of them—for we have some 
extraordinarily interesting examples in early Egyptian papyri 2*» 
—arose the sciences of anatomy and physiology. 

Prognosis—knowing how the disease is likely to end—was 
specially important in early times because the laws^ at least of 
the Babylonians, show that an unsuccessful doctor was likely 
not only to be prosecuted but also even to have his eye put out if 
by any mistake he destroyed the eye of his patient. It is there¬ 
fore not surprising that many of the descriptions of cases in an 
Egyptian papyrus end with the words “ case not to be treated.” 

Official medicine codified the plants and mineral substances, 
knowledge of which had been handed down traditionally from 
the medicine men and wise women of primitive cultures. Some 
of these had been chosen for their manifest action as purgatives 
or emetics; others because in a more obscure way they had 
been found beneficial in some diseases, as the South American 
Indians had found quinine for malaria; but the majority were 
probably pure magic, based on resemblances such as that of the 
mandrake to the human body. The city doctors, however, 
could call on a far larger area for their drugs and could organize 
their production. It was from this source, rather than agri¬ 
culture, that arose the science of botany and the first botanic 
or herbal gardens.^*^^ 

Early chemistry 

Chemistry never rose to the rank of a recognized science in 
the Bronze Age, or even till near the end of the Iron Age. 
Nevertheless its basis was being well laid in the multiple 
observations and practices of the mctal-w^orkers, jew^cllcrs, and 
potters. The process of smelting ores, of purifying metals, of 
colouring them, of adding enamels—all involve complex 
chemical reactions that had to be learned by many trials, 
mostly unsuccessful. The good results were embodied in 
recipes which had to be carefully handed down and scrupulously 
followed. We do not by any means know yet the full range 
of the achievements of these early chemists, but what is known 
is impressive enough.^-^^ 

They were acquainted wdth at least nine of the chemical 
elements—gold, silver, copper, tin, lead, mercury, and iron,^-^*^ 
as well as sulphur and carbon—and were using and distinguish¬ 
ing the compounds of others like zinc, antimony, and arsenic. 
They also knew a variety of reagents, dry and liquid, including 
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alkalis like potash and ammonia (as fermented urine) and 
alcohol as beer or wine. Their apparatus was limited to pottery 
and metal vessels; they had no stills and could not cope with 
spirits or gases. 

One powerful impulse was to turn their method of work in 
the direction of a rational and quantitative science; namely the 
scarcity and value of the materials they dealt with. From the 
beginning precious metals had to be weighed and accounted 
for and the proportions used in alloying recorded and adhered 
to. Chemical analysis or assaying, involving the separation of 
metals already alloyed or mixed in ores^ arose naturally out of 
the necessity of recovering the most precious metals and guard¬ 
ing against adulteration. It was a crucial step in the history 
of chemistry, and although we cannot precisely date it^ wc can 
tell when it arose by the appearance of objects of refined gold 
instead of the natural gold-silver alloy , i*lcctrum. Wc know 
from later sources some of the processes used, such as that of 
antimony for separating silver from gold, and cupellation 
for separating lead from silver, 'fhe astonishing success and 
persistence of these methods arc brought out by the fact that 
the recipe for a cupel in an ancient Egyptian papyrus—namely 
bone ash moistened with beer— is still the recommended way of 
making cupels. The astonishing sight of the shining bead of 
live silver suddenly appearing from the mass of dull^ mortified 
lead oxide made a deep impression. Not only was it the centre 
of alchemical interest^ but it is the origin of spiritual analogies 
of purification by fire and the resurrection of the body 
glorious (p. 125) (Fig. 8). 

Because we have no works on ancient chemical theory it does 
not follow that it did not exist. Though it may never have 
been formally expressed, the ancient chemists show in their 
products that they were acquainted with the general principles 
of oxidation and reduction and could introduce or remove non- 
metals, such as sulphur and chlorine. 

As they were mainly concerned with making ornaments they 
understood particularly well how to produce colours^ and since 
it was the appearance that mattered, they gauged the result by 
what it looked like. In trying to make copper look like gold, 
they produced brass; in trying to make the blue turquoise or 
lapis, they produced a blue glaze that was the origin of glass. 
The fact that they were masters of many startling transforma¬ 
tions led them to consider that nothing was impossible to their 

86 



AGRICULTURE AND CIVILIZATION 

art. This healthy scientific optimism was to degenerate later 
into the mystical superstition of alchemy. 

The early chemists never thought of themsel ves as such^, but as 
metal-workers, goldsmiths, and jewellers. They were highly 
valuable technicians, closely associated with the priesthood and 
the court, but they were hand-workers at a particularly dirty 
trade. Their knowledge could not be presumed to be a science 
on a par witli astronomy, mathematics, and medicine. It 
remained an art, the black art —chem in Coptic. 


- 77 /£ CLASS ORiamS OF EARLY SCIENCE 

It will be seen even from this abbreviated sketch of the 
scientific achievements of the early civilizations what enormous 
advances necessarily followed from the foundation of cities. It 
should also be clear that the scientific, as distinct from the 
technical advances, were limited to those arising out of the 
problems of large-scale administration. They were therefore 
developed by the priests, and also restricted to them, because 
only the priests had access to the means of recording and cal¬ 
culating. The very term hieroglyphics—priests’ writing- 
brings home that limitation. The association of learning and 
science with one class in the newly formed class society was to 
remain its outstanding feature, with a few significant exceptions 
(pp. 884 f.), down to our own time. The prestige of mathe¬ 
matics, astronomy, and medicine as noble sciences of the ancient 
civilizations, so impressed the Greeks, and after them the people 
of our own Middle Ages, that, with the minor addition of 
music, they remained the pillars of liigher education, while 
baser sciences such as chemistry and biology have still to 
struggle for cultural recognition. Further, the main pro¬ 
gramme of science until the eighteenth century, the under¬ 
standing of the motions of the heavens and their connection 
with the vicissitudes of life on earth, was already established in 
outline almost from the beginning of ancient civilization. 

One significant feature of techniques and culture in the early 
city States was the extreme rapidity of their development even 
judged by modern standards. For example, it is known that 
the construction of the pyramids of Giza, with their enormous 
size, geometrical and astronomical accuracy, and flawless 
masonry, evolved from that of simple rock-cut tombs in a matter 
of two or three centuries from c. 3000 to c. 2700 b.c. Such a 
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Speed implies^ as does the character of the work itself^ the ex¬ 
istence of able and practical men, willing to invent and try out 
new methods over an enormous field of activities. At first it 
would appear that the innovators were themselves technicians; 
the legends of such culture heroes as Imhotep, Tubal-Gain and 
Daedalus show them as craftsmen who both invented and made 
wonderful new things themselves. 

Scribes and workers 

But soon after the foundation of the first cities, about the era 
of the first dynasties of Egypt or the early kingdoms of Meso- 
potamiii, it is apparent that the needs of large-scale organiza¬ 
tion were already leading to the divorce of the organizers from 
the actual technical processes themselves. As they became 
more numerous and indispensable, they became a caste, 
markedly separate from the craftsmen and with a great feeling 
of superiority to them. A very interesting example of this new 
attitude is shown in a fragment from an Egyptian papyrus of 
uncertain but early date. It purports to be the instruction of a 
father to his son whom he is sending up to a “ College for teach¬ 
ing scribes ”: 

I have considered violent manual labour—give thy 
heart to letters. I have also contemplated the man who is 
freed from his manual labour, assuredly there is nothing 
more valuable than letters. As a man dives into water, 
even so do thou sink thyself to the bottom of the Literature 
of Egypt. ... I have seen the blacksmith, directing his 
foundrymen, but I have seen the metal-worker at his toil 
before a blazing furnace. His fingers are like the hide of 
the crocodile, he stinks more than the eggs of fish. And 
every carpenter who works or chisels, has he any more rest 
than the ploughman? His fields arc wood, his tools of 
tillage are copper. Released from his work at night, he 
works more than his arms (during the day). At night 
he lights a lamp. . . . 

The weaver sitting in a closed-up hut has a lot that is 
worse than that of a woman. His thighs are drawn up 
close to his breast, and he cannot breathe freely. If for a 
single day he fails to produce his full amount of woven 
stuff, he is beaten like the lily in the pool. Only by bribing 
the watchmen at the doors with (his) bread-cakes can 
he obtain for himself the sight of sunlight. ... I tell 
thee that the trade of the fisherman is the worst of all 
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trades; truly he does not exist by (his) work on the river. 
He is mixed up with the crocodiles^ and if the papyrus 
clusters are lacking he must cry out (for help). If he is not 
told where the crocodile lurks, fear blinds his eyes. Verily 
there is no occupation than which better cannot be found 
except the calling of the scribe which is the best of all. 

The man who knows the art of scribe is the superior 
through that fact alone, and this cannot be said of any 
other of the occupations I have set before thee. Verily 
each worker curses his fellow. No man says to the scribe, 
“ Plough the fields for this person ^’. . . . One day (spent) 
in the chamber of instruction is better for thee than 
eternity outside it; the works thereof (endure like) the 
mountains. . . . Verily the goddess Rennit is on the way 
of God. She is by the shoulder of the scribe both on the 
day of his birth and when, having become a man, he enters 
the Council Chamber. Verily, there exists no scribe who 
docs not cat the food of the King’s House (life, strength 
and health to him!).‘^*^^ 

It will be seen that already white-collar, or at least white- 
skirt, occupations are considered to be morally and practically 
superior, and even worth the intense labour of coping with the 
fantastically complicated writing and calculating systems of 
early civilization. The priest-administrators, separated from 
dealing with material things, tended to elaborate their own 
symbolic methods and to impute an independent reality to 
them. In one sense this was valuable, since it gave at least a few 
select minds the leisure to think, and indeed they were able to 
create from those symbols the abstract constructions of mathe¬ 
matics. The great achievements of Egyptian and Babylonian 
reckoners were the foundations on which the later and more 
abstract mathematics of the Greeks were built. Nevertheless, 
this preoccupation with symbols permitted the retention of 
much more primitive ideas, such as the sympathetic magic of 
the hunting days, and a further enhancement in the power of 
spirits. 

Magic and science 

Indeed, with the waning of the first impulse of technical 
advance, magic seemed to become even more important than 
ever. From being a progressive, if erroneous, explanation 
of how things work in the world, it became a hindrance to 
the advance of effective thought. Coming from priests, 
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increasingly divorced from the processes of production, it pur¬ 
ported to find solutions to real problems which were seemingly 
far too easy. By relegating the control of health or success to 
spirits it prevented the search for useful actions to secure them. 
It also favoured the use of loose analogies as supposed explana¬ 
tions of natural events in terms of the actions of divine spirits. 
The world of Nature was seen as merely an enlarged version 
of the world of man. In fact, every advance of human tech¬ 
nique was an invitation to try to understand the rest of the 
universe in terms of such successful human activity. The 
major creation myths offer Just such explanations. The making 
of the world is likened to the work of a supremo irrigator 
separating land from wafer, and the making of man to the work 
of a supreme potter moulding him out of clay. Such myths are 
even more technomorphic than anthropomorphic. 

With due allowance for the enormous difficulties of formulat¬ 
ing general scientific theories before the working out of scientific 
language, we may rccogni/.e in many myths the prototypes of 
scientific theories. In them the forces of Nature are per¬ 
sonified, but perhaps their priestly authors took the personifica¬ 
tion as a mere manner of speaking. Certainly the theories 
they contained were easily sensed by the Ionian Greeks, and 
retold without the gods (p.i2o).®'^'> 

Until science had advanced to the point at which the major 
part of the environment that mattered to mankind was control¬ 
lable rationally by direct action—and that achievement is a 
very recent one—it was, however, very difficult to check the 
failure of the spirit theory to give man any practical control of 
Nature. The spirit way seemed no worse than any other, 
and, by a judicious combination of faith and probability, could 
even be imagined to work very well. People usually recovered 
from diseases, crops usually grew, and the sun could be counted 
on to rise every morning. 

However, so long as men held to spirit explanations of natural 
phenomena, the growth of science was actively inhibited. For 
not only was any attempt to achieve rational understanding 
and control deemed from the outset to be useless, but also it 
might even be harmful, as the spirits would undoubtedly feel 
anrioyed at such attempts to cheat them of their prerogatives. 
This is only another way of saying that it endangered tlic 
livelihood of the priests, who had a vested interest in a spiritual 
magical theory of the universe, especially when the early temple 
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establishments decayed^ and the priests became increasingly 
dependent on the offerings of the faithful. 

The danger to the aristocracy of the gods of attempting to 
control the forces of Nature is the fundamental meaning of the 
myth of Prometheus.^*^'^ Fire from the first belonged to the 
heavens; man had no right to take it for himself. What the 
priests wanted was piety—unremitting practise of the rituals of 
propitiation^, the careful observance of all taboos^ and resigna¬ 
tion to the will of the gods. As long as these view^s were 
supported by authority--and they have not yet disappeared 
from society —it was even impious to inquire too closely into the 
method of working of the universe. Such inquiries were bound 
to be resented by the heavenly powers^ and their resentment 
would be vented not only on the inquirer but on the whole of 
society. The forces of religion were^ from the beginning, closely 
identified with the maintenance of class rule. When, some 
centuries after the first founding of cities, the ruling classes 
ceased to favour material and technical progress, religion was 
bound to restriel intellectual advance. 


:^. 6 -SUCCESSES AND FAILURES OF THE FIRST 
CIVILIZATIONS 

Taken as a wiiole, how ever, the early civilizations did succeed 
in making and sustaining an enormous advance in techniques 
and ideas. The high level of their technical achievements is 
shown by the fact, so common that we hardly pay attention to 
it, that for the greater part of our lives we are surrounded wdth 
and use equipment evolved at that time and scarcely altered 
in the intervening 5,000 years. Our chairs and tables have not 
changed since the first Egyptian carpenters solved the difficult 
problems of wood joinery. Armchairs with wicker seats and claw 
feet are known from c. 2500 b.g. We still live in rooms w ith walls 
and ceilings of stone, brick, and plaster; we eat from the same 
kind of dishes; we wear clothes made of the same kinds of cloth. 

Even our social institutions have not changed to an extra¬ 
ordinary extent—far less than the change between the institu¬ 
tions of primitive communities and of the first cities. We have 
merchants, magistrates, and soldiers just as they had; and the 
political troul)les of our time were not unknown to them. In 
other words, most of us arc still living in the class society that 
originated with the first cities. 
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Technical stagnation 

The great burst of technical innovation that came with the 
beginning of city life in the great river valleys of Mesopotamia, 
Egypt, India, and China did not last more than a few centuries, 
roughly from 3200 to 2700 b.c. It was followed by a relatively 
far longer period of cultural and political stagnation. Par¬ 
ticular cities rose and fell; one dynasty of priest kings superseded 
another. There were eruptions of barbarians and even bar¬ 
barian dynasties, but there was no essential change in the 
pattern of production. It remained based on irrigation agri¬ 
culture, supplemented by trade with outer regions. All the 
wealth that was accumulated and consumed in the cities came 
from the surplus of city-directed agriculture. Because the 
surplus was relatively small, only comparatively few of the 
people could be supported on it, and these tended to form an 
exclusive class. The successors of the original administrators 
who worked to improve agricultural techniques became in¬ 
creasingly divorced from the process of production. Their 
only interest was to secure as much of the produc t as possible for 
themselves. From generators of wealth, they became ex¬ 
ploiters, They demanded ever more and more for their private 
enjoyment and for the building and service of increasingly 
magnificent temples and tombs. This meant the impoverish¬ 
ment and virtual enslavement of peasants and urban craftsmen, 
and led to conflicts which weakened the city States and 
ultimately put a stop to their intellectual and technical progress. 

Of one of these events we possess fairly full details. In the 
Sumerian city of Lagash, in its time—2400 b.c. —the chief city 
of southern Mesopotamia, there occurred what may justly be 
called a social revolution. A certain Urukagina seems to have 
seized power from the rulers of another dynasty and set under 
way a whole series of social reforms designed to limit the 
oppression of the bureaucracy, the priesthood, and the rich. 
Records of these have come down to us in which the contrasts 
between the old and the new deal arc emphasized. Graft and 
corruption were put down and those convicted of them were 
dismissed, together with a general cutting down of an army of 
revenue officials and inspectors. The priests were deprived of 
many of their privileges and the fees they charged for burials, 
weddings, divorces, and divination cut to a third or less. 

The reforms, however, did not last. The new deal did not 
destroy but only curbed the ruling class, and its members took 
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the first opportunity to ally themselves to the ruler of the rival 
city of Umma and launch a war in which Lagash was pillaged 
and destroyed. One of the loyal priests sadly records on a 
tablet: “ Of sin on the part of Urukagina king of Girsu, there is 
none. For Lugal Zaggisi patesi of Umma may his goddess 
Nidaba bear their sin upon her head.’’ 2.28.176 success of 

the conqueror was shortlived. He was defeated in his turn by 
Sargon, the first king of Akkad, the founder of the first world 
empire, who was, or claimed to be, like Moses, a foundling 
picked up by a gardener. 

IVar 

The ending of this story brings out another potent source of 
unbalance of early city economy—the organized violence of 
war. The apparent limit to the exploitation of the local 
agricultural population could be overstepped by an extension 
of the area of the city. Up to a point this could proceed peace¬ 
fully, but if several cities were following the same policy in a 
restricted area it led to conflicts and to the evolution of a new 
institution, that of war. War, in its full sense, is indeed a 
product of civilization. The fighting which recurred between 
tribes in the hunting or even in the pastoral stage was more in 
the nature of football matches than of sustained campaigns. 
Although cruel in detail, it could have very little general effect 
on a culture where, in any case, it was impossible to concentrate 
large bodies of warriors or maintain them in the field for more 
than a few days at a time. Once cities existed, however, that 
situation completely changed; armies could be heavily 
equipped and be fed from the surplus food stocks. 1 ne upper 
classes who controlled city governments had strong economic 
incentives for war. Their wealth depended directly on the 
area they could exploit, and cultivated land could be taken 
from another city together with the peasants who tilled it. 
Beyond that lay the possibility of seizing material, animal, and 
human booty. 

War made the recruiting and leading of armies a vital 
necessity, and this changed the character of government and the 
State. The principal function of the head of the State changed 
from that of a director of agriculture and public works to that of 
a war leader—from priest to king. Another effect was once 
more to depress the position of women. In the first phase of 
civilization women had maintained the great importance they 
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had gained in the village cultures. As war became more 
important their administrative functions were taken over by 
men, though they never sank to the position of domestic slaves 
that was to come with the Iron Age. 

Warfare a?id technique: the engineer 
As warfare became more the rule than the exception, and the 
city began to be distinguished from the village by its defensive 
wall and its fortified citadel, the direction of technique began to 
be more and more influenced by the needs of the armies. 
Even the newly emerging science was bent in the same direc¬ 
tion. Technical progress in weapon construction went on even 
at a time when other technical progress had almost stopped. 
We have only to think of the prestige attached in legend to such 
figures as Vulcan or Wayland the Smith to realize the im¬ 
portance of the armourer to the warrior. Even more important 
in the long run was the invention of military machines, such as 
catapults and moving towTrs, which demand an appreciation 
of the principles of mechanics. The need to make and service 
such machines, to build earthworks and drive mines, gave rise 
to the profession of the engineer, first and foremost a military 
profession, though originally drawing his skill from civil sources. 

Other and more remote aspects of war also stimulated science. 
The problems of the supply of armies, including the making 
of roads and canals,^-^® were among the most important; so 
was the design of fortifications, one of the earliest applications 
of planning on a large scale. Plato considered that the only 
practical use for geometry was the drawing up of ranks and files 
in an army. Without war, or the social system that gave rise 
to it, the arts of peace could have advanced far more rapidly. 
But it may at least be said for the association of science and war 
that war kept science alive at a time when other aspects of 
culture were decaying (Fig. 4). 

Trade and empire 

Partly by war, partly by a system of alliances based on trade, 
the originally independent city States tended to become merged 
into larger units either under the stable and overwhelming 
preponderance of one city, such as Memphis in Egypt, impor¬ 
tant not so much in itself but as the sacred city of the god- 
king, or under a shifting sequence of predominance among 
cities, such as the successive empires of Ur, Larsa, Isin, and 
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Babylon in Mesopotamia. In Egypt the concentration of 
power in the hands of the god-king PJiaraoh and his priestly 
administration {Per^aah means Whitehall or Whitehouse) was 
such that enormous and economically unremuncrative works 
like the pyramids could be undertaken. In Mesopotamia the 
cities were more equal and^ though in the aggregate the wasteful 
expenditure of the upper class may have been as great as in 
Egypt> it was never so concentrated. In India before the Aryan 
invasion large city States with citadels^ temples, and baths, 
similar to those in Mesopotamia, existed, but, lacking an 
understanding of their script, we know too little about them to 
assess their social structurc.^**'^'^'’' In early China the prestige of 
the emperor, the son of heaven, seems to have corresponded 
more with that of Pharaoh, though for a very large part of its 
history China has been divided into a number of warring States. 

Empire and the supreme god 

One result of the growth of empires was the precedence it 
gave to the god of the l uling town over those of the conquered or 
federated towns. Anion, originally the ram totem of the 
nome or parish of Tln^bes, b<‘camc, with the rise of the Theban 
empire, joined to the hawk totem sun-god Ra, as Ainon-Ra, 
lord of the gods. The local god, Marduk, became equally 
important in Babylon. The power of the god grew and weaned 
with that of the empire, but it left behind the idea of one 
supreme god as ruler of all the w-orld. Akhnaton tried to 
realize this idea ofiicially in Egypt with his worship of the sun 
disc, but failed. It was left for the then obscure tribes of the 
Jews to succeed and to found modern monotheism. 

3.7- 'r/Z/i SPREAD OF CIVILIZATION 

While civilization stagnated at the centre its influence was 
spreading wider and wider. The existence of empires accen¬ 
tuated a problem that must have arisen with the very beginning 
of river-valley civilization—the relation of the city States to 
their less advanced neighbours in the open country and the 
hills. Civilization had provided better techniques, such as 
those of the plough, the wheel, and the metal sickle, applicable 
to farming in lands other than those where it originated. It 
therefore tended to spread in a variety of ways. One of these 
was simple trekking. The villagers, when the city territory 
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failed to absorb the growing population^ moved off with their 
herds and carts into wilder, less hospitable but roomier country, 
and thus village communities spread all over the arable lands of 
Europe, Asia, and Africa and possibly also to America. In 
this spread many of the more complex products of civilization 
were necessarily lost or simplified, so that it becomes difficult to 
distinguish between civilized emigrants who had gone native 
and people of simpler cultures that had acquired, by trans¬ 
mission from neighbour to neighbour, some of the techniques of 
civilization. 

Another way of spreading civilization was through the trader, 
and particularly the miner, those more advamturous spirits 
of the cities who went out into the wild borderland not to settle 
but to collect local produce of value, especially precious stones, 
ores, and gold. Because the traders had to give city products 
in exchange they served to spread the needs and, to a lesser 
extent, the productive methods of civilization. They also 
inevitably came into conflict with the local population, and 
invoked the help of their home governments to protect them. 
This led to a third way in which civilization was spread, the 
way of political and military interference that we still associate 
with imperialism. The records of the rulers of ancient Egypt and 
Mesopotamia are full of accounts of punitive or raiding expedi¬ 
tions to the gold mountains, the ivory country, or the pearl 
islands. Nor was interference limited to military action; as 
much could be achieved by discovering and making use of 
mutual antagonisms between foreign tribes or between rival 
factions inside them. The profession of diplojnacy long antedates 
classical civilization. 

The first barbarians 

The expeditions led sometimes to actual extensions of settle¬ 
ments under the control of the parent city, as for example, 
the Babylonian mining settlements at Dur-gurgurri, though 
this form of colony is much more characteristic of the later Iron 
main result was to generate increasingly effective 
opposition to the city empires. In time the institutions of the 
peoples in an area hundreds of miles round the centres of 
civilization had been changed by their intercourse with it. This 
was the area of the barbarian fringe. The barbarians were able to 
pick up items of the material culture of the cities, especially those 
which could be easily transported and would involve the least 
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change in their own habits. These were primarily weapons, 
which, though expensive, could bring in a far greater return 
than their cost if used in raids on the wealthier centres. 

The tribal institutions of the barbarians were also trans¬ 
formed by introducing private property, emphasizing the role 
of the warrior, and increasing the authority of the chiefs. The 
effects were greatest in the cultures of pastoral peoples, who 
were highly mobile, unassimilable by civilization, yet dependent 
on it for many necessities such as tools and weapons, as well as 
for ornaments, which they had not the skill to make.^-i*^ The 
relations between the barbarians and the city States were 
variable and complex. Strong empires played one barbarian 
tribe against the other, raided and enslaved them. Weak 
empires were undermined by the importation of barbarian 
slaves and soldiers.^*® In the end they were often completely 
overthrown and ruled by barbarian dynasties which usually 
soon acquired the culture of the cities. 

Slavery 

One result of the relations between the city States and the 
barbarians was the steadily increasing importance of slavery. 
The institution of slavery, the ill effects of which dog the world 
to this day, goes back to the beginning of the river cultures. In 
the days of hunting or early agriculture there was little surplus. 
A working man did little more than earn his keep. Prisoners 
taken in inter-tribal feuds, if they escaped being sacrificed, were 
usually adopted; there was no point in enslaving them. 

In civilized countries, on the other hand, an agricultural 
labourer could produce far more than it cost to keep him. 
That made the taking and using of slaves an attractive pro¬ 
position. Slave-raiding from other cities, or more easily and 
profitably from barbarians, soon became an accepted practice. 

The full development of slave-based agriculture was not to 
come till the Iron Age, but from the beginning of the Bronze 
Age it had started to exercise its ill effects on civilization. 
Bound prisoners, intended for slavery, are represented in the 
oldest Sumerian carvings of about 3000 The existence 

of propertyless and also rightless slaves was bound to have a 
depressing effect on the status of free workers. By its associa¬ 
tion with that of slaves their work became base and menial. 
There was little incentive or opportunity for the free workers 
and none at all for the slaves to improve techniques, and the 
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upper class scorned them. As a result the scientific approach 
which had been so successful in the upper-class sciences of 
mathematics^ astronomy^, and medicine was cut off from the 
problems and the information that were to be found in the 
trades^ and for long did not spread to the black art of chemistry 
or the lowly practices of agriculture. 

The political ill eflects of slavery were often more im¬ 
mediately disastrous. The more a city depended on slaves the 
less it was able to look to its own defence^ and the more likely were 
the barbarians to become acquainted^ as escaped slaves or later 
as mercenary soldiers^ with the war technique of the cities 
themselves and to be able to use that knowledge to overthrow 
them. 

Decadence 

For several centuries before their fall;, that is^ roughly after 
1600 B.c.j the ancient civilizations of the West;, though not those 
of China;, seemed to have lost any capacity for progressive 
change and were becoming incntasingly decadent. Although 
the framework of civilized life was maintained*, art and litera¬ 
ture became conventional and religion tended to become buried 
in an increasingly complex mass of ritual that could appro¬ 
priately be calk'd superstition. Though much had been lost or 
forgotten^ some science, sucli as astronomical observation, was 
kept up and even developed; some degenerated into super¬ 
stition, such as the careful examination of the livers of sacrificed 
animals used for foretelling the future. This is only one 
example of the use of systematic study of obscure phenomena 
for telling fortunes, cheiromancy (or palmistry), oneiromancy 
(or dream interpretation), many of which are still with us, 
either in their original form or in the games of chance and skill 
like dice, cards, and chess derived from them. In so far as they 
sharpened the acuteness of observation and the methods of 
codifying results they have some part in experimental science. 
One key discovery, that of the compass, was probably made 
by a Chinese gcomanccr (p. 235). 

3.8-r//ii LECACr OF EARLT CIVILIZATION 

Nevertheless what remained to be handed on to its successors 
must have been an impressive and valuable stock of knowledge 
—far more than the spade of the archaeologist is ever likely to 
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reveal to us. At the same time the archajologist is certain to 
know much that would not be known to people living a few 
hundred years after any event. Although the sources of know¬ 
ledge may have been forgotten, many of its usable parts are 
likely to have been assimilated in an unacknowledged form. 
As the knowledge and practice were alive they could be learned 
by word of mouth and by the example of the practitioners. Only 
a certain amount of knowledge was assimilable by new cultures 
with different social and economic structures. The enormous 
accumulation of history, poetry, and literature of those times 
was largely lost with the knowledge of the hieroglyphic and 
cuneiform scripts in which they were written. The little that 
has survived in the Bible shows the level to which they reached. 
Much priestly science must have gone too. Techniques fared 
better; both the equipment of civilized life and the tools with 
which it was made largely survived and arc in use today 

(P; 90 - 

The science and techniques of the Iron Age and even of the 
Greeks are largely derived from those of the ancient world, for 
the most part without acknowledgment. Indeed, in the case of 
techniques which arc embodied in material and durable objects 
we can be sure that this has occurred. Many ideas or dis¬ 
coveries have been attributed to a Greek philosopher for no 
better reason than that he was the first known to us to have 
expressed them or been credited with them. Further research 
often reveals an earlier origin in Egypt or Mesopotamia, and 
we have no reason to believe that the present verdicts of 
archaeology arc final. 

The heirs of the old civilization, the men of the Iron Age, 
had themselves no doubt about the greatness and magnificence 
of the empires that they had helped to destroy. Echoes of the 
life of those times arc to be found in the Iliad and the Odyssey, 
themselves tales of city sacking and piracy. The poets con¬ 
trasted their own hard lives and mean culture with the power, 
the luxury, the beauty, and most of all the peacefulness, of the 
old cities. They revered the wisdom of the Ancients and looked 
wistfully back at the age of gold. 
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Chapter 4 

THE IRON AGE: CLASSICAL CULTURE 


T he period covered by this chapter is one of crucial 
importance in the history of mankind and especially in 
the history of science. From the middle of the second 
millennium b.g. a number of causes—technical, economic, and 
political—brought about the transformation of the limited 
civilization of a few river-basins into one which embraced the 
major cultivable areas of Asia, northern Africa, and Europe. 
The civilization of the Iron Age, wherever it was developed, 
was less orderly and peaceful than that it replaced, but it was 
also more flexible and rational. The Iron Age did not provide 
such enormous technical advances as marked the outset of the 
Bronze Age, but such advances as it did achieve, based on a 
cheap and abundant metal, were more widespread not only 
geographically but also among the social classes. 

In this chapter we shall deal primarily with the Iron Age 
in the Mediterranean area—the classical civilization of the 
Greeks and Romans. This is partly because it is so much 
better known than that of contemporary cultures of India or 
China. A more cogent reason, and one that relates particularly 
to the purpose of this book, is that it was that Mediterranean 
region which gave birth to the first abstract and rational science 
from which the universal science of our own time is directly 
derived. The old civilizations of Egypt and Babylonia, and 
probably also of India, had continued to exist for centuries 
after the cultures had ceased to develop, largely because there 
was nothing to put in their place. Even when they were 
conquered by barbarians all that happened after a few years 
was a resumption of the old way of life, usually a little poorer, 
under barbarian dynasties that had been assimilated to the 
older culture. 

4.1—r//£ ORIGINS OF IRON-AGE CULTURES 

The barbarians themselves could not form stable States in 
their own territories, for the most part covered with forest or 
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dry steppcj as long as they lacked the means of establishing 
some settled form of agriculture. In the latter half of the 
second millennium b.c. these conditions were achieved, thanks 
to a combination of material and social factors that we are 
only now beginning to understand. Of these one was the 
penetration and transformation of barbarian clan societies 
through the influence of the class economies of the cities with 
their emphasis on private property, chieftainship, and weapon 
production. 

The impact of the discovery of iron 

These tendencies were powerfully, perhaps decisively, aided 
by the discovery and use of a new metal, iron. Where and how 
iron was first made in quantity is still a mystery. The first iron 
used was the native iron from meteorites treated by heating 
and hammering like copper, but this was too rare to be anything 
but a precious metal. The first iron to be smelted from its 
ores was probably a by-product in gold-making and must 
have been even rarer. Iron in usable quantities seems to have 
first been smelted from the ore somewhere south of the Caucasus 
by the legendary tribe of the Chalybes, in the fifteenth century 
B.C., but it did not appear elsewhere in sufficient quantities for 
its use to be economically and technically decisive until about 
the twelfth century b.c. The wide distribution of iron and the 
ease of iron-working ended the monopoly of civilization of the 
old river empires of Egypt and Babylonia. Two other develop¬ 
ments hastened the process—the appearance of mounted 
horsemen from the steppe lands where the wild horse, far more 
powerful than the ass, had been tamed, and rapid improve¬ 
ments in the performance and building of ships, itself a by¬ 
product of iron technology. 

The metallurgy of iron 

The iron used in antiquity, indeed up to the fourteenth century 
A.D. in Europe, was made by a process of low-temperature 
reduction by charcoal in a small, hand-blown clay furnace. 
The resulting bloom of spongy, unmeltcd pure iron was beaten 
out into bars of relatively soft wrought iron from which more 
complicated forms could be made hy forging and welding. The 
first elaboration of the techniques of iron-making and -working 
must have been the fruit of long and difficult experience. 
This technique was totally different from that for copper and 
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this probably explains why iron metallurgy came so late. 
Once established^ however^ it required nothing but the simplest 
equipment and could be quickly taught or picked up. Where- 
ever there is wood and ironstone—that is^ almost everywhere— 
iron can be made: once you know how. 

Iron had one serious disadvantage as a metal in early times: 
it could not be melted for lack of sufficient blast to the furnace^ 
and casting was therefore reserved for bronze, except in China, 
where cast iron was made as early as the second century 
Iron did not displace bronze; it merely supplemented it for 
common purposes. More bronze was made and worked in the 
Iron Age than ever in the Bronze Age itself. The iron made 
by the bloomery and forging process was a wrought iron or 
very mild steel; it was tough but relatively soft. Much 
harder true steels were knowm—chalybs from the Ghalybes, 
ferrum acerrum^ sharp iron, acier—but their method of manu¬ 
facture was kept a deep secret among the tribes of smiths. The 
world of science was not to know it until the work of Reaumur 
in 1720 (p. 429). The secret was essentially one of getting more 
carbon to combine with the iron and then hardening by 
tempering and quenching. The best steel was that made by 
the Indians as wootz steel and exported to make the famous 
damascened blades. Good steel wits so rare and highly prized 
that the swords made out of it were deemed to be magic, like 
Arthur’s Excalibur or Siegfried’s Gram of later times. Tem¬ 
pered steel was far rarer than bronze and except for use in 
weapons was to play no important part in technique until the 
eighteenth century. 

The introduction of iron coincided with a period of folk 
wandering. More or less barbarized tribes came down from 
eastern Europe or the Caspian into the eastern Mediterranean 
area from the seventeenth century b.c. onwards. Similar 
movements of Hittites, Scythians, Persians, and Aryan Indians 
were occurring in Asia. The great mobility of the horsemen 
and the sea peoples and their abundance of new weapons made 
it difficult for the old empires to put up an effective military 
resistance. Wc may suspect that military failure was an index 
of lack of support from the people of the older civilizations, who 
were more likely to sympathize with the invaders than with 
their own inefficient and rapacious rulers. Further, the iron 
age peoples, once they settled down, showed themselves 
capable of building prosperous agricultural or trading com- 
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munilies on hitherto fruitless land. The result was to reduc e 
the political and economic pre-eminence of the early river- 
valley civilizations to such an extent that they no longer 
figured as the main centres of human cultural developments^ 
although many of their cultural^ material^ and spiritual achieve¬ 
ments were transmitted and even some of their records were 
preserved. 

Instead, the effective foci of advance moved to the periphery 
of the ancient civilizations, the settlements of the nearer 
barbarians, who had managed to overrun the older centres of 
civilization but who developed their culture largely outside 
them. The Aryan Indians, the Persians, llie Greeks, and later 
the Macedonians and Romans fell heirs to the old ci\dlizations of 
Egypt and Babylonia. The position of China was exceptional; 
surrounded largely by steppe, desert, and mountainous areas, 
there was little possibility of the building up of agricultural 
barbarian States beyond its boundaries. The barbarians that 
repeatedly moved in were all absorbed by ancient Chinese 
culture. That basically bronze age culture, though profoundly 
changed by iron age techniques, has retained its continuity 
right down to our own time. 

Axe and plough 

The destruction and wars of the early Iron Age wTre, ho^v- 
cver, not without their compensations. The substitution of 
new cultures for old meant certain losses of continuity, but it 
also meant the sweeping away of much accumulated cultural 
rubbish and the possibility of building much more effective 
structures on the old foundations. If the mounted warriors 
and the shiploads of pirates stand as symbols for the destructive¬ 
ness of that period, the woodmen with their axes and the 
peasants with their iron-shod ploughs amply made up for the 
destruction. The earlier use of metal w^as essentially for the 
luxury products of city life and for arming a small Hite of high¬ 
born warriors. Bronze was always too expensive for common 
folk, who still had to rely for the most part on stone implements 
the form of which had scarcely altered from neolithic times. 
Iron, however, though originally, and for many centuries, 
inferior to bronze, was widely distributed and could easily be 
produced and worked locally by village smiths.*'*-^® The effect 
of the abundance of iron was to open whole new continents to 
agriculture; forests could be cut down, swamps could be 
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drained, and the resulting fields could be ploughed. Europe, 
from being literally a backwoods, became a new “ golden 
west ”—in the sense of its wheatlands rather than of its gold, 
which was largely exhausted at the end of the Bronze Age. 
The resultant increase in population rapidly altered the balance 
of power between the dry farming of the West countries and 
the old river-irrigated cultivations of the East. 

Ships and trade 

Another feature of the disturbed times of the Iron Age that 
was to be of incalculable importance to human thought, and 
particularly to science, was the use of the sea-ways in spreading 
culture much more rapidly than the old overland routes could 
possibly do. What was more important was that transport by 
sea was many times cheaper than by land. With the greater 
facilities for ship-building provided by iron tools there were 
better and larger ships and more of them. In the Mediter¬ 
ranean the initiative in shipbuilding had been taken by the 
Cretans in the Bronze Age. The breaking up of their sea 
empire, first by the land-based half-Greek Mycenacans and 
later by the more barbarous Achaeans from the Balkans and 
by kindred tribes in Asia Minor, was the signal for a great period 
of piracy and sacking of cities. The immortal story of Troy 
records one of these expeditions. Naturally piracy made trade 
difficult but it also made it profitable, and former pirates, 
attracted by this or deterred by more effective local defences, 
gradually turned to trade, exploration, and colonization. 

In the Iron Age trade ceased to be a matter concerned only 
with a round dozen great cities, like Thebes or Babylon, and 
became more and more divided among the hundreds of new 
cities that the early iron age peoples, such as the Phoenicians 
and the Greeks, were founding all over the shores of the 
Mediterranean and the Black Seas. Only places near the sea 
could get the full advantage of iron age culture. In countries 
far removed from it the Iron Age certainly brought greater 
possibilities for agriculture and warfare, but, where there was 
no way of moving bulk products over long distances, such 
countries could not progress economically even as far as the 
bronze age civilizations with their river transport. They were 
consequently unlikely to produce anything radically new. 
The Assyrians, a typical land-based early iron age people, were 
distinguished mainly for their military ruthlessness. They pre- 
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served for some centuries the old Babylonian culture, including 
the continuation of astronomical observations invaluable for the 
science of the future, but added little to it themselves. This 
advantage of the sea-way could not be fully offset by roads such 
as those made first by the Persians and later by the Romans. 
These were of administrative and military rather than economic 
value. Land transport in bulk could not begin to be econo¬ 
mical until the development of efficient horse harness in the 
Middle Ages (p. 232). Even then it was not practicable over 
large distances till the making of good roads in the eighteenth 
century. It was the ease of water transport that gave first the 
Mediterranean area and later all Europe, with its indented 
coastline, an advantage over Africa and Asia. 

China, witli its network of rivers, canals, and lakes, had some 
of the same advantages but, as it retained, even through 
periods of warring States, bureaucratic governments of a 
modified bronze age type, it missed many of the economic and 
political developments of the Iron Age. 

4.2—//iojv jIge cities 

Politics 

In its early stages the Iron Age meant a return to a smaller 
scale of economic unit. Early iron age cities rarely had 
populations of more than a few thousands, as against the 
hundreds of thousands of bronze age cities. By the fifth century 
B.(L, with the spread of slavery, much larger cities were 
possible, Athens had a maximum population of 320,000, of 
whom only 172,000 were citizens, while Rome at the height 
of its power had about a million. The first cities were 
formed by the agglomeration of a dozen or so villages.^-^*^ 
This, liowever, did not mean a return to neolithic conditions^ 
but, for the population at large, to one with standards as high, 
or higher, than that of the Bronze Age. The iron age city had 
inherited all it could use of the arts of the bronze age cities, 
that is, all but the organization of large-scale works. Early 
iron age cities, with their restricted areas, rarely went farther 
than fortifications, harbours, and occasional aqueducts. Also it 
had, in addition, the use of a metal that enormously improved 
agriculture and manufacture and it did not need to be self- 
sufficing: it could rely on trade for necessities as well as 
luxuries. This was possible only because improvements in 
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the methods of production enabled goods to be made for a 
market. The Iron Age is the first in which commodity production 
becomes a normal and indeed an essential part of economic 
activity. Another social economic feature of the Iron Age was 
the use of slaves not merely, as of old, for service but also as a 
means of producing for the market. This was mainly in 
agriculture and mines^ hut it spread also into manufacture. 
Slavery, as we shall see (p. 164)^ grew steadily in importance 
till it became the predominant form of labour. This was 
itself a substantial factor in causing the breakdown of the 
whole culture, with th(‘ consequent turning of slaves and poor 
freemen alike into a common people of serfs (p. 180). 

The iron age city became, almost from its inception, a well- 
placed centre for manufacture and trade, able to get from 
abroad its raw materials and even its labour force, as slaves, 
in return for the sale of its products. 

Against these advantages was set the much-increased danger 
of war. The new culture had been born in war—the sacking of 
cities in a state of permanent rivalry. It was difficult to out¬ 
grow these habits; defence became a priority; cities were built 
most inconveniently on hill-lops, like the old high city Acro¬ 
polis of Athens; or on islands, like Tyre: and automatically all 
citizens had to be soldiers. Nevertheless the small iron age 
city was both simi)lcr and fn'cr than the old river-valley city. 

It also gave much greater sco})e to its citizens, who were forced 
to organize themselves to look after common interests rather 
tlian take their place in a preordained hierarchy. In this 
way the iron age city gave rise to politics and created out of 
political struggles between the classes in the cities the successive 
forms of oligarchy^ tyranny, and democracy. 

Money and debt 

One great social invention that provided both for the expan¬ 
sion and the internal instability of iron age civilization was that 
of metallic money —first as stamped bullion in Lydia, and then, 
after the seventh century b.o., as coin. Metal by weight had 
been used as currency in the old empires, but its use was 
exceptional, and barter and payment in kind remained the 
rule. Money, which soon became the measure of every other 
value, turned all established social relations into those of buying 
and selling. Precisely because of its general and anonymous 
character, money, by bringing rights without obligations, 
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enabled power to be concentrated in the hands of the rich. At 
the same time, by superseding the old tribal distribution of real 
wealth, it took all protection away from the poor. For them 
the existence of money was negative; they lived in a state of 
chronic debt. True, the oppression of the poor is as old as 
civilization itself (p. 88). Nevertheless there were real 
differences between the forms it took in the old civilizations 
and those in the Iron Age. In the earlier case it was gradual 
and partial. The economy had arisen directly from a tribal 
society and tradition was a bar to arbitrary action. The 
cultivator had many duties, but he also had rights. If he 
belonged to the land, the land also belonged to him. His 
payments were in kind and commercial transactions and debts 
were largely limited to the city population. In the Iron Age 
there was an abrupt transition from a clan to a money economy. 
Immemorial customs were destroyed in a f(‘w generations and 
the rule of money could disregard all rights. 

On the other hand, the cultivator was potenlially far more 
independent. If he found the situation intolerable he could 
join a band to form a new colony. If enough people found it 
intolerable they could and did revolt. With the common use 
of iron and the training of all citizens in arms these revolts were 
often successful, and the fear of them k('pt oligarchs and tyrants 
in check. 

Nevertheless from the beginning of th(‘ Iron Age the oppres¬ 
sion of money power and the repeated, but inevitably tem¬ 
porary, successes in breaking away from it by reform or 
revolution becomes the general background theme of city 
history. Towards the end of the classical age, under the 
Hellenistic and Roman limpires, money power seemed to 
triumph absolutely; but its very triumph led to a state of such 
widespread misery and hopelessness that the whole system broke 
down and returned to a simpler feudal economy in which 
money at first played only a small part. 

The alphabet and literature 

An iron age development of importance for the origin of 
science was the vulgarization of the elaborate systems of 
writing—hieroglyphics and cuneiform—of the ancient empires 
into the common Phoenician alphabet^ which made literacy as 
cheap and democratic as iron.^-^® The alphabet arose in 
relation to trade between people who had different languages 
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but had to deal with the same things. As its symbolism was 
based on sound it could be applied to all tongues and at the 
same time it opened the world of intelligent communication to a 
far wider circle than that of the priests and officials of the old 
days. Writing ceased to be confined to official or business docu¬ 
ments and a literature of poetry^ history^ and philosophy began 
to appear. Naturally poetry and prose narratives themselves^ 
in the form of epics and sagaSy must have long preceded 
alphabetic or even hieroglyphic writings being handed down by 
bards or professional story-tellers. Literature^ in the full sense 
of being dependent for its form on the fact that it is written, 
can flourish only where writing is easy and widely read, that is, 
with an alphabetic script. Hieroglyphic and Chinese litera¬ 
ture, however exquisite, could never be popular. 

PHOENICIANS AND HEBREWS 

The first peoples to profit by the new conditions of iron age 
civilization were the Plicenicians of the Syrian coast. They 
were helped by their central position between the old great 
powers of Egypt and Assyria and by the ample supplies of good 
ship-building timber from the Lebanon. They led the way in 
trade, in exploiting sea transport, and in the alphabet, which 
they invented and popularized wherever they went. But they 
remained, even in their most distant colonics, such as Carthage 
or Cadiz, too tied to the continuity of their culture with the old 
Babylonian civilization to do more than adapt it to the new 
conditions without generating much that was new, though we 
may suspect that what advances they did make were either 
destroyed or misappropriated by the Romans. 

'riie Jews, closely related to them and sharing with them 
a mixed Egyptian and Babylonian culture, were reserved 
for a very different role in cultural history. Placed as they 
were at the very centre of warring peoples, Egyptians, Hittites, 
Philistines, and Assyrians, follow^ed later by Persians and 
Greeks, and without the resources of overseas trade, their in¬ 
dependence always remained precarious and was only saved 
in the end as a national entity by the evolution of a cultural 
tradition or law written in a book—the Bible. They were also, 
as a small people living in a relatively poor country, able to 
escape, though only by continuous efforts, from domination by 
native kings or oligarchs. For both these reasons inde- 
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pendcnce, liberty^ and democracy became indissolubly 
associated in their religion. In this the Jews were unique in 
the ancient world, and the influence of their religion and their 
sacred books was to prove of enormous importance to the 
subsequent development of civilization (pp. i82f,, 71 if.). 

7he Bible: law and righteousness 

The Hebrew Bible, or what we call the Old Testament, is 
far more than a collection of ancient history and legend, in¬ 
valuable as that is for our understanding of the past. It was 
first written down about the fifth century b.c. and has been 
preserved over since as a religious and national rallying point. 
It is a book with a moral, full of propaganda expressed as 
poetry. Propaganda is as old as writing, but hitherto it had 
been the propaganda of the great and mighty, of the king and 
the priests. Tlie propaganda of the Bible is different; it is 
essentially popular, stressing the ideas of law and of righteous-^ 
?icss. Its unique characler lay not in each of these ideas 
separately, because the Jews shared them with other cultures, 
but in their combination. Righteousness, as we find it in the 
Bible, is largely a protest against the abuses of the rich and 
powerful who, then as now, were addicted to falling into 
foreign ways of oppression. They could be restrained in the 
name of the law and the covenant with a timely backing of 
popular violence. The Jews were the first people we know^ of to 
fight for an idea and the wars of the Maccabees testified to their 
fanaticism and militancy. Jewish history is one of continual 
assertion of the people’s right in the name of God, The Bible 
has, directly in Christianity and indirectly through the Koran 
in Islam, always ser\^ed as the inspiration and justification of 
popular revolutionary movements (pp. 183, 711). 

Genesis 

It is, however, still another aspect of the Bible, one which is 
least characteristically Jewish, that has most affected science. 
The early books of the Bible are versions of old Babylonian and 
even earlier Sumerian creation stories. They represent an 
attempt to account for the origin of the world and man, which 
was an eminently creditable achievement in 3000 B.c., at the 
very dawn of civilization. These myths, once accepted by the 
early Hebrew tribes, soon became the essential justification of 
the covenant between God and His people and therefore beyond 
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examination and criticism. Later still, because they were part 
of the sacred books of the Jews, these myths have come down to 
us as a literal divine revelation to be accepted on faith. 

Now the faith of the Jews, both in its original form and in 
that of a Christianity largely derived from it, survived the 
break-up of classical civilization because it was solidly based on 
popular feeling. It was thus far better able to resist the stresses 
of bad times than the more logical but scarcely more scientific 
constructions of the Greek philosophers, which were felt to be 
by the common people, as indeed they were, elaborate justifica¬ 
tions of upper-class rule. civilizations, which 
grew out of the ruins of the old, religion was the central 
organizing principle, and accordingly the Bible and the Koran 
gained an absolute authority in matters of science as well as in 
those of faith and morals. The later chapters of this history will 
show with what difficulty and how imperfectly human thought 
has managed to emancipate itself from these fossilized relics of 
the myths of early man. 


4 . 4 - 77 /£ GREEKS 

The most successful in the exploitation of the new conditions 
of the Iron Age were the Greeks. They had the double advan¬ 
tage of being more removed from the conservative influence of 
the older civilizations while being able to make extensive use of 
their traditions. At the same time they were protected in the 
early formative period of their culture by their poverty, their 
remoteness, and their sea-power from the far less cultured but 
more militaristic successors of the old empires—the land forces 
of the Mcdcs and the Persians. 

The fact that the conscious and unbroken thread of history 
and science comes to us almost entirely from the Greeks is an 
accident, but only partly an accident. The Greeks were the 
only people to take over, for the most part almost unconsciously 
and without acknowledgment, the bulk of the learning that was 
still available after several centuries of destructive warfare and 
comparative neglect in the ancient empires of Egypt and 
Babylonia. But they did far more than this. They took that 
knowledge and with their own acute interest and intelligence 
they transformed it into something at the same time simpler, 
more abstract, and more rational. From the time of the 
Greeks to the present day that thread of knowledge has never 
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been broken. It may have been lost at times^ but it has 
always been possible to find it again in time for it to be of use. 
The learning of the earlier civilizations has affected that of our 
own only through the Greeks. What we know now of the 
intellectual achievements of the ancient Egyptians and Baby¬ 
lonians from their own writings was learned too late to affect 
our civilization directly. 

Classical culture 

In Greek lands there was built up between the twelfth and 
sixth centuries b.c. a unified culture which had made an ample 
digest of existing knowledge and added to it far more of its own. 
The resulting classical culture, as we now call it, enlarged but 
not seriously modified by that of Alexandria and Rome, has 
remained the essential corner-stone of our modern world culture. 
Classical culture was synthetic; it made use of every clement of 
culture which it could find in the countries it occupied and with 
which it came into contact. It was not, however, a mere 
continuation of these cultures. It was something definitely 
new. The characteristics of classical culture that distinguish 
it are not, however, any of those which are sometimes called 
cultural. There have been other civilizations, both before and 
after, that have had as distinctive an art and literature. The 
great contributions of classical culture were in political institu¬ 
tions, particularly democracy, and in natural science, especially 
mathematics and astronomy. 

The birth of abstract science 

The unique character of Greek thought and action resides in 
just that aspect of their life which we have called the scientific 
mode. By this I do not mean simply the knowledge or practice 
of science but the capacity to separate factual and verifiable 
from emotional and traditional statements. In this charac¬ 
teristic mode we can distinguish two aspec ts: those of rationality 
and those of realism; that is, the ability to sustain by argument 
and the appeal to common experience. 

That the Greeks could achieve this, even partially, is due 
to the historical circumstances in which their culture took 
shape. The Greeks did not make civilization or even inherit 
it—they discovered it. The enormous advantage they gained 
by this was that for them civilization was something new and 
exciting and could not be taken for granted. The original 
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culture of the mainland Greeks was of the simple European 
peasant type. It was unable to stand up against the much 
more elaborate cultures of the countries the Greeks moved into 
—that extremely rich and mysterious secondary culture of Crete 
and Anatolia from which so much of classical culture is derived. 
Words ending in “ issos ” and “ inthos ” seem to be of Cretan 
origin; some have passed on to us^ as in the names of Narcissus 
and Hyacinth. The influence on the Greeks of the original 
centres of civilization^ Mesopotamia and Egypt,, was not to arise 
till much later. 

In losing their original culture,, however^ the Greeks did not 
and could not take over the cultures of the other countries in 
their entirety. What they did was to select from foreign 
cultures what seemed to them to matter. This included in 
practice every useful technique and in the field of ideas mainly 
the explanations of the workings of the universe^ rejecting the 
enormously complicated elaboration of theology and super¬ 
stition that had been built on them in the decadent period before 
and during the iron age invasions. Homer, the first and 
greatest of the Greek poets, fixed for all time the picture of the 
world the Greeks came into. In the Iliad and Odyssey we find 
an enormous contrast between the simple peasant life of the 
newly arrived Hellenic clans and the complex rich and ancient 
civilizations that they discovered only to destroy. Homer’s 
poems remained as the bible of the Greeks^ providing the 
common basis of belief about gods and men and the arts of 
peace and war. 'riiey contained as much science as the 
average man ever needed to know. 

The economic basis of the Greek city 
Greek culture^ in common with most of the Western iron age 
cultures, had such a different economic base from that of the 
older river-irrigation cultures that much of their w^ay of life 
was intrinsically unassimilablc. It depended on a rather poor 
kind of dry farming with small peasant holdings helped out by 
vineyards, olive groves, and fishing. Hesiod, a poet of the 
early Greek period, describes this life in rather grim terms. 
His father’s land at Ascra in Boeotia he describes as cold in 
winter, hot in summer, good at no time.” Nevertheless, 
though liable to periodic debt crises, iron age economy was, 
until slavery was introduced on a large scale, basically stable. 
It was supplemented and balanced by extensive foreign trade, 
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no longer as in the older civilizations mainly in luxuries for 
temples and palaces^ but in bulk commodities for the common 
citizen. 

The most characteristic Greek city state of Attica was so 
short of good corn-growing land that it depended on its exports 
of pottery^ olive oil, and silver to buy the food for the relatively 
enormous population of over 300,000 of the city of Athens. The 
early Greeks were able to exploit their local resources to the 
full with aJJ the intensity and simplicity that arc possible only in 
a compact city. In these circumstances there were rapid and 
even violent economic and political changes, while tradition, 
though never lost, was at a discount. The more enterprising 
citizens had both the incentive and the ability to think out what 
they wanted to do and to do it. In the measure that they 
succeeded they could improve their status in society, held back 
neither by clan nor by state barriers. Institutions and divinities 
became less important and more attention was concentrated 
on men. 

Art and dialectic 

The realistic representation of man in painting and sculpture, 
in drama and in science, was the characteristic new feature of 
Greek civilization. Greek art as represented on statues and 
vase-paintings—the large frescoes have all been destroyed— 
shows a concentration on the naked human body that would 
seem odd if we were not so accustomed to it. It derives 
originally from ritual games and the cult of athletics that 
sprang from them. Egyptian statues had a directly magical 
purpose: they had to re-embody the spirit (Ka) of the dead 
man, they had to be life-like to work. The Greek sculptor was 
more sophisticated. He was trying to suggest an ideal to be 
aimed at in human bodily perfection. In Greek culture the 
athlete, the artist, and the doctor worked closely together, 
and this resulted, among other things, in a concern of the 
medical profession with health rather than disease. 

Realism in art went with rationality in words. Because of 
the fading of ancient sanctions each case had to be argued out 
on its merits. The history of Greek philosophy and Greek 
science—the two were never distinguished in those days—^is the 
history of such a sequence of arguments; back-and-forth 
arguments of the kind that they called a dialectic. The capacity 
to argue was also made possible by the political features of 
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Greek life. The small city state gave much more scope for the 
average individual citizen than did the capital of a large empire. 
At the same time the intense political life of the city^ with its 
emphasis on trade deals and lawsuits, in which at first every 
man was his own lawyer and judges were chosen by lot, made it 
possible and indeed necessary to develop argumentation to the 
highest degree. This emphasis on th(! mastery of words led 
to a great literature and oratory, but it had the disadvantage of 
drawing thought away from the study and handling of things. 

The separation of science from technique 
Greek science has an altogether different character from that 
of the early civilizations; it is far more rational and abstract, 
but it remained as far or farther removed from technical con¬ 
siderations. Its traditional presentation is in the form of an 
argument based on general principles, rather than as examples 
drawn from the particular problems of technique or administra¬ 
tion such as we find in Egyptian or Mesopotamian texts 
(p. 8i). Mathematics, especially geometry, was the field 
which the Greeks esteemed most highly and where their methods 
of deduction and proof are those we still use. Because of the 
immense prestige of these methods we are apt to overlook the 
fact that they are applicable to only a very limited part of 
Nature, and even there only where the spade-work of observa¬ 
tion and experiment has been done. A belief that the universe 
is rational, and that its details can be deduced from first prin¬ 
ciples by pure logic, certainly served in the early days of Greek 
science to liberate men from superstitions. Later, particularly 
after Aristotle had become an authority instead of, as he wanted 
to be, an instigator of research, this abstract and a priori 
approach was to prove diseistrous to science. It led generations 
of intelligent people into the belief that they had solved prob¬ 
lems which they had not even begun to examine (pp. 218 f., 713). 

The technical developments made in the early Iron Age, and 
especially by the Greeks before the Alexandrian period, though 
important in their effects, were not innovations as fundamental 
as those of the Bronze Age. The use of iron led directly to the 
improvement of all hafted tools such as axes and hammers, and 
also made possible implements like the spade which would have 
been too expensive in bronze to be of any use. It probably 
also made possible the use of the hinge, leading to two new 
tools of some importance—the tongs and the drawing compass. 
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These all arise from the case with which iron bars may be 
bent over in a loop and then welded to form a hole for a haft or 
peg. It was not so much the improvement of the tools as their 
ready availability that constituted the revolutionary technical 
advance of the Iron Age. The most important developments 
came late through the marriage of Greek mathematics and 
Egyptian or Syrian techniques^ including, as we shall sec 
(p. 158), a whole host of applications of rotary motion, mills 
and presses, pulleys and windlasses, as well as hydraulic and 
pneumatic devices, water-lifts and pumps. 

Of chemical inventions the most important is that of blown 
glass first made in Egypt, though this remained for long a luxury 
product. As a result of a few innovations and many improve¬ 
ments, the efficiency of classical techniques, particularly metal¬ 
using techniques, was by the sixth century b.c. well above 
that of the bronze age cultures in their heyday. This was one 
of the reasons w'hy the Greek armed soldiers were for a few 
centuries able to overcome far larger numbers of Asiatic 
troops. 

The technical advances of the Iron Age did not, however, 
affect the learned in the same way as had those of the early 
Bronze Age. It was partly because they were essentially 
improvements and not radical innovations that they did not 
strike the imagination. Further, they created little demand 
for new auxiliary scientific techniques. There was enough 
arithmetic and geometry to cope with them already. The 
most powT^rful reason, however, was that the craftsman was still 
despised. The hand worker, cheir ourgos in Greek (our surgeons 
arc still called Mr, not Dr), was considered a definitely inferior 
being to the brain w^orker or contemplative thinker. This was 
no new idea; it w^as inherited from the old civilization 
(pp. 78, 88), but it was strongly reinforced, especially in later 
Greek society, by its association with slavery. Although much 
craft work was done by free men they were degraded by 
competition with slaves, so that their work was called base or 
servile! 

In the same way a slave society debased the economic and 
social position of women. Indeed, the position of the wives 
and daughters of Greek citizens was far worse than it was in the 
older civilizations. They were precluded from taking part in 
public life and were little better than domestic slaves. As a 
result all domestic work, which included far more arts than it 
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does now^ such as weaving and the preparation of simple 
remedies^ was beneath the concern of the philosopher. For 
although the philosophers drew on the work of the craftsmen 
for the derivation of their ideas as to how Nature worked^ they 
had little first-hand acquaintance with itj were not called on to 
improve it^ and consequently they were unable to draw from it 
that wealth of problems and suggestions that were to create 
modern science in Renaissance times. 

Architecture 

There is one important exception to be made to the general 
contempt for mechanical operation. Architecture in Greek 
times advanced to the level of a citizen’s profession, not of a 
mere manual art. We all know the triumphs of beauty, pro¬ 
portion, and symmetry of Greek architecture and the impres¬ 
siveness of the Roman architecture that followed it. Now 
architecture is pre-eminently an art depending on geometry 
and involves accurate drawing. It could therefore hardly fail 
to affect the queen of Greek science, mathematics. Two 
instruments helped in the same direction, the draughtsman’s 
compass and the lathe. The compass was such a convenient, 
accurate tool that it is not surprising that Greek geometry 
tied itself almost exclusively to rulcr-and-compass construc¬ 
tions. The pole lathe, with its backward and forward motion, 
derived from the bow drill, was a bronze age invention; the 
modern lathe, belt-driven, came only in the fourteenth century 
a.d.,2 *®^ though pole lathes are still in use in many parts of the 
world, and were in England down to fifty years ago. On the 
lathe it was possible to turn cylinders, cones, and spheres, and 
they provided admirable playthings for the mathematician. 
The degree to which the techniques influenced science in 
Greece was not negligible, but it was relatively far less than in 
the older civilizations. Greek science accordingly developed 
in a more general and independent way but, lacking the check 
of experience, it was apt to get lost in guesses and abstractions. 

Content and method in Greek science 
Nevertheless, modern science is directly derived from Greek 
science, which provided it with an outline, a method, and a 
language. All the general problems from which modern 
science grew—the nature of the heavens, or man’s body, or the 
workings of the universe—were formulated by the Greeks. 
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Unfortunately, they also thought that they had solved them in 
their own particularly logical, beautiful, and final way. The 
first task of modern science after the Renaissance was to show 
that for the most part these solutions were meaningless or 
wrong. As this process took the best part of 400 years it might 
be argued that Greek science was a hindrance rather than a 
help. However, we cannot tell whether, in the absence of 
Greek science, the problems would have been set at all. 

Stages in the development of Greek science 

The history of Greek science, though it formed one con¬ 
tinuous movement, may conveniently be split into four major 
phases, which may be called: the Ionian, the Athenian, the 
Alexandrian or Hellenistic, and the Roman phases. The 
Ionian phase (4.5) covers the sixth century b.g. and is that of 
the birth of Greek science in the region where the influence 
of the older civilizations was most felt. It is associated wath 
the legendary figures of Thales and Pythagoras and other 
Nature philosophers who speculated, in a most materialistic 
way, on what the world was made of and how it had come to be. 
This philosophy, as becomes an age of social development, was 
essentially positive and hopeful. 

The second phase (4.6) covers the years from 480 to 330 b.c., 
between the successful end of the Persian wars and the eflective 
suppression of the independence of Greek cities by Alexander 
the Great. It was during this period that Greek culture 
reached its peak of achievement in the Athenian democracy of 
the age of Pericles, only to destroy itself in civil strife and war. 
In this period the interests of philosophy shifted from the ex¬ 
planation of the material world to that of the nature of man 
and his social duties. This was the great period of Socrates, 
Plato, and Aristotle, usually considered as the high point of 
Greek wisdom. 

The third phase (4.7) of Greek culture, that called Hellenistic, 
began with the decadence of the independent city states and 
their supersession by land empires of a new type. The empire 
of Alexander brought Greek science once again into direct 
contact with the older sources of culture in the East as far as 
India. Alexandria became a new home for science where, for 
the first time in history, it was subsidized through the founding 
of the Museum. The result was the great development of 
mathematics, mechanics, and astronomy that we associate with 
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Euclid, Archimedes^ and Hipparchus. In the history of 
science^ as distinct from philosophy, this third phase was to be 
the most important of all, for it was then that the body of exact 
science was first formed as a coherent whole, and enough of it 
survived despite the losses of the dark ages that followed to set 
science going again nearly 2,000 years later. From the second 
century onwards, with the coming of the Romans, this effort 
slackened and came to a stop long before the actual fall of the 
Empire. This last phase (4.8) cannot be distinguished by any 
originality, but as it was to be the bridge between classical 
^ind all later science it deserves separate consideration. 

EARLY GREEK SCIENCE 

Ionian naturalism 

Greek science is usually recognized as originating in the 
Ionian cities of Asia Minor, particularly Miletus, where contact 
with the ancient civilizations was closest, and in the new 
colonics of Greeks that had been formed in Italy and Sicily. 
It appeared in the sixth century b.g., just at (he time when the 
rule of the old landed aristocracy was breaking up and power 
was being seized by a set of local bosses, the tyrants^ with the 
support of the trading classes. The Greek world of the sixth 
century was one of violent expansion. Its commercial centre 
was first the eastern ^gean, settled mostly by lonians, one of 
the original tribal groups of the mainland Greeks. These set 
up colonies over the Mediterranean as far as Marseilles, Naples, 
and Sicily, and east over the coasts of the Black Sea. When 
Persian pressure drove them from their original homes the 
colonies in turn became centres of trade and culture of essentially 
the same character. That is why it is reasonable to include 
Thales from the mother city Miletus, Heraclitus of near-by 
Ephesus, Pythagoras a refugee from Samos settling in south 
Italy, and Empedocles of Sicily all in the group of Ionian 
philosophers. 

In this time and environment tradition was at a discount 
and new answers to old questions had a chance to be heard. 
The great value of the early period of Greek thought was that 
it tried to answer all questions in a simple and concrete way. 
It was an attempt to formulate a theory of the world—what it is 
made out of and how it works—in terms of ordinary life and 
labour. 
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Philosophers and sages 

The people who asked and answered these questions were 
only lately by Socrates^ called philosophers, i.e. lovers of wisdom. 
In their own time they were called sophists, i.e. wise men. 
We now know very little about them or what they believed; 
most was handed down by oral tradition and finally a few 
fragments have been saved by references in the works of 
Plato and Aristotle, who used them chiefly to refute or make fun 
of their predecessors. The very fact that they were known 
and remembered and that legends about their lives have per¬ 
sisted shows how important they must have been in their time. 
When a new civilization was crystallizing after the warfare of 
the early Iron Age these philosophers presented a new social 
type. Nevertheless they were in essence wise men or sages 
who had picked up and were retailing the old knowledge of the 
East, adapted and improved on to suit the new times. They 
were also prophets and leaders of religious mysteries, often 
founding semi-monastic communities that were also schools. 
Those that succeeded—and they are the only ones that we 
hear about—usually managed to secure the position of political 
or scientific adviser to some tyrant or democratic boss, and were 
consulted or probably gave gratuitous advice on every kind of 
subject. If they quarrelled with their patron they were usually 
snapped up by a rival. It added prestige and stability to a 
government to have a famous philosopher behind it. Pericles 
for instance had the benefit of the presence of Anaxagoras, 
but this time the philosopher went too far in flouting popular 
beliefs and he had to be dropped. Whether they favoured the 
democratic or aristocratic side, they were nearly all well-to-do 
gentlemen. We hear of a few who had to work for a living; 
Protagoras and other sophists of the fifth century accepted fees 
for teaching. Plato, who was rich enough not to need to, 
sneers at them for doing so. They were, he felt, losing their 
amateur status as philosophers. 

It was not only in Greece that such philosophers were to be 
found. In many parts of the world the disturbances of the 
Iron Age gave scope to men with similar ideas and messages. 
In Palestine there were the prophets and the later authors of 
the Wisdom literature such as Ecclesiastes or the book of Job. 
Jeremiah may well have met Thales at Naucratis in Egypt. 
In India there were the rishis and buddhas, of whom Gautama, 
the Buddha, is the most famous. In China Lao-tze and 
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Confucius lived at about the same time. All had in common the 
formulation of general views of the world of Nature and man. 
Most advised princes and tried to reform States without any 
lasting success. Most were unorthodox in their time, even 
when they claimed, as Confucius did, that they were trying to 
recapture the wisdom of the Ancients. It was only later that 
they were to become the founders of new orthodoxies. 

Their success was due to the fact that they filled the gap in 
ideas left by the economic transformation of a bronze to an iron 
age civilization. They provided what Marx called the ideo¬ 
logical superstructure for a new system of relations of pro¬ 
duction. In that new system the direction of society in the 
hands of merchants, tyrants, and military princes was ap¬ 
parently more divorced from the material side of production 
than it was in the Bronze Age. Nor did the philosophers, 
unlike the great directors of works of the time of the canals, 
pyramids, and temples, have anything to do with the actual 
material running of the economy. As a result the super¬ 
structure they put up was, in general, idealist and inimical to 
the growth of experimental science. 

The early Ionian philosophers do not, however, fit entirely 
into this picture. In their time the slave State and the rule of 
tlie rich were by no means fully established. Accordingly they 
differed from most of the wise men of the East in that they 
were at the same time materialistic, rational, and atheistical. 
They were concerned less with morals and politics and more 
with Nature than their successors. 


The world and its elements: Thales^ Heraclitus, and Empedocles 

The first of the traditional Greek philosophers was Thales. 
He is credited with holding the theory that everything was 
originally water from which earth, air, and living things 
separated out. This is recognizably the same theory as that of 
the book of Genesis, a common Sumerian creation myth, 
reasonable enough for a delta country where the dry land had 
to be won from the marshes. These myths, because they were 
faithfully preserved in the original form which dates from 
before the first class societies, are fundamentally materialist.^*'*^ 
What is new about Thales’ version of these is that he left the 
creator out. Like Laplace centuries later in his answer to 
Napoleon, he had no need for that hypothesis.” The 
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materialism of Thales is contained in his interest in Nature and 
rejection of metaphysical speculation^ which was later inter¬ 
posed to justify a class society. It is not a mechanical material¬ 
ism but rather one in which all matter is thought of as alive. 
He was a hylozoist (matter-life). This basic materialism and 
atheism was maintained by the later philosophers of the 
school^ Anaximander and Anaximenes, who modified the hypo¬ 
thesis to make it account for more phenomena. They also 
invoked earth, mist, and fire, as the elements (1, m, n) (in Greek— 
stoicheia or letters) out of which the world was made, as words 
are spelled out of letters. Heraclitus, the philosopher of 
change, took as his motto panta rhei, everything flows. He 
thought fire was the prime element because it was so active 
and could transform everything. His expression for this is 
revealing: “ all things are an exchange for fire, and fire for all 
things, even as wares for gold, and gold for wares.” 

This reveals once again how technical processes and economic 
practice engendered the new philosophy. He also introduced 
the idea of opposites, some things, like flame, tending to move 
up, and others, like stone, to move down. The two opposites 
were necessary to each other and generated a tension like the 
bow and its string. This is the first enunciation of a dialectical 
philosophy. 

Empedocles, the successor of this school of materialist 
philosophers, demonstrated by experiment that invisible air 
was also a material substance, and fixed the order of the ancient 
elements as earth, water, air, and fire, one above the other, 
each striving if disturbed to get back to its place. He thought 
that the opposite tendencies, love and hate, which he also 
conceived as material principles acting mechanically, were 
continually mixing the elements up and separating them out 
again. This is similar to but probably quite independent of 
the Yin and Yang dualism of ancient China. Here also we 
have two principles, male and female, fire and water, interacting 
to form the remaining elements, metal, wood, and lastly earth 
and from them by further mixtures the “ ten thousand things ” 
of the material world. 

The whole trend of Ionian thought was towards a dynamic 
world of continuous mutual transformation of material elements. Most 
philosophers of later times tended to concentrate more on the 
static natural order of the elements and to think of them as 
a fixed and unalterable part of the structure of the universe. 
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This static order of elements consecrated by Aristotle was used 
to limit any kind of progressive change^ particularly social 
change. This could be done by equating elements to social 
classes and inferring that the ideal and final state of the social 
universe was one in which the lower classes were subordinated 
to the upper. The identification of the social and natural 
worlds hindered the understanding of either. It turned an 
originally materialist theory into a formal one and hindered 
the development of astronomy, medicine, and chemistry by 
saddling them with far-fetched analogies which claimed the 
sanction of a universal order. 

Another deep-seated confusion underlay the world view 
of the Ancients—their elements had to fulfil two incompatible 
functions. In one aspect they stood as the actual materials 
and motions of the world as they knew it; they served to 
explain without any recourse to the gods the whole panorama 
of land and sea, sunshine and storm. In that sense we still 
speak of the fury of the elements. In quite another way the 
elements also stood for qualities—hotness and coldness, wetness 
and dryness, lightness and heaviness—attributable to anything. 
Each element was not pinned down to a particular material 
substance, as were the chemical elements of the nineteenth 
century. Anaxagoras (c. 500-428 b.c.), last of the lonians, 
went so far as to say that the seeds of every element were in 
everything, like our present slates of matter, gaseous, liquid, and 
solid. 

The triumph of the original Ionian school was that it had set 
up a picture of how the universe had come into being and how 
it worked without the intervention of gods or design. Its 
basic weakness was its vagueness and purely descriptive and 
qualitative character. By itself it could lead nowhere; nothing 
concrete could be done with it. What was needed was the 
introduction of number and quantity into philosophy. 

Quantity and number: Pythagoras 

The tendency to associate arbitrary simple number ratios 
with celestial objects, which may well have had its origins in 
Babylonian astronomy, already appeared in the work of 
Anaximander (611- -547 b.c.), who put the distances of the stars, 
moon, and sun at nine, eighteen, and twenty-seven times respec¬ 
tively the thickness of the earth disc. The attribution of 
numbers to all aspects of Nature is associated with the doctrines 
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of Pythagoras (582-500 b.g.). He came from Samos, an islajid 
near Miletus, but emigrated (o south Italy, where he founded 
a kind of philosophic, religious school. Whether Pythagoras 
was an entirely legendary figure or not, the school that bore his 
name was real enough and was to have an enormous influence 
in later times, particularly through its most important ex¬ 
ponent, Plato (427-347 B.C.). 

Two trends of ideas are blended in Pythagorean teaching, 
the mathematical and the mystical. It is doubtful how much of 
the Pythagorean mathematics was his own. Certainly his 
famous theorem on the right-angled triangle had been well 
known as a practical rule to Egyptians, and the Babylonians 
made long tables of ‘‘ Pythagorean ” triangles. It may even 
be that the whole of Pythagorean number theories, in their 
mystical as well as their mathematical aspect, arc drawn from 
some source in Eastern thought, as their character strongly 
suggests. But whether Pythagoras was an originator or a 
transmitter, the connection set up by his school between 
mathematics, science, and philosophy was never again lost. 

Pythagoras saw in numbers the key to understanding the 
universe. He related them on the one side to geometry, 
showing how squares and triangles could be made of appro¬ 
priately arranged points, and on the other to physics with the 
discovery that strings which were in simple ratios of length 
emitted notes with regular musical intervals—octaves, thirds, 
etc.—between them. This linked the previously sensuously 
appreciated harmony with ratios of numbers and hence with 
geometrical forms. The Pythagoreans set the whole tone of 
Greek geometry by their insistence on the cosmic importance 
of the five regular solids whose sides could be made from 
triangles, squares, and pentagons. The pentagon was par¬ 
ticularly magical because it was difficult, indeed impossible, to 
construct directly by ruler and compass, and it could generate 
an infinity of pentagons inside itself. Euclid’s whole geometry 
is aimed at the problems of its construction. Its particular 
sanctity was associated with two of the Platonic solids, the 
dodecadron and the icosahedron, to which he attached mystical 
qualities which were to last until the time of Kepler (p. 291). 

Ratio and irrationals 

One fundamental mathematical discovery came from the 
Pythagorean school, though probably some time after the death 
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ol the master. If every measure of length can be expressed by 
a number^ the proportion between two different measures should 
be expressible as the ratio of two numbers. But a very simple 
case shows that this cannot be done. Whatever number you 
use to express the length of the sides of a square^ that of its 
diagonal cannot be expressed as another number; whole or 
fractional. This is equivalent to saying that no fraction 
multiplied by itself can give exactly 2 y or that ^/2 is irrational. 
The discovery that there were irrational numbers was a serious 
shock to the whole Pythagorean school and contributed to its 
break-up. One way out was to say that measures were unreal; 
the other, that finally adopted, was to extend the concept of 
numbers to include irrationals.*^*^^ 

It is to the Pythagoreans that we owe the importance of the 
circle and the sphere in astronomy. They thought that earth 
was a sphere and further that it moved together with the 
planets—the sun, moon, and a mysterious counter-earth— 
round a permanently invisible central fire. This idea, when 
rationalized by Heraclidcs (375 b.c.) and Aristarchus (c. 310- 
230 B.C.), was to lead to the modern picture of the solar system. 

The work of the Pythagorean school is the very foundation of 
matliematics as well as of the physical sciences. Even in 
mathematics the mystical element is very much in evidence. 
The Pythagoreans linked the eternal soul with the eternal 
forms of number, attributing it particularly to the number 
I o = I 2 + 3 + 4- The whole world, according to them, 
w^'is made of pure numbers. This form of extreme idealism is 
linked with cabbalistic number magic, still invoked in the blessed 
trinity, the four evangelists, the seven deadly sins, and the 
number of the beast. It is also apparent in modern mathe¬ 
matical physics whenever its adepts try to make God the 
supreme mathematician.^*^® 

Afysticisrn enters science 

In physics also the Pythagoreans ran too much beyond the 
facts, and substituted number mysticism for experimental 
knowledge. The mystical side of Pythagoreanism links it with 
the Orphic mysteries, a relic of old community magic that had 
already become a means of escape from the harsh realities of 
the Iron Orphism as a slave religion has indeed 

some points of resemblance to Christianity, especially in its 
symbolism of the wheel and the cave.^*®® The main thesis of 
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the Pythagoreans was the doctrine of the transmigration of 
souls, essentially the same as that of the Hindus, though possibly 
quite independent of Indian influence. The object of the cult 
is to escape from the cycle of reincarnation by common mystical 
experiences, “ orgies/' and ecstatic mystical contemplation, 
‘‘ theories ” = visions,*-^’*®® This is similar to the idea of the 
attainment of Nirvana through Yoga which Gautama tried 
vainly to resist. The idea of rebirth was not unreasonable in 
the Old Stone Age, where it first appeared. In the Iron Age 
it was essentially reactionary because it removes all meaning 
from social injustice and war, and wins for them at least a tacit 
approval (p. 71In the Bhagavad Gita, when Arjuna asks 
in horror how fratricidal strife came about, Krishna answers: 

If the red slayer thinks he slays 
And that the slain thinks he is slain, 

I'hey little know the hidden ways, 

I turn, I pass, I come again. 

The mystic aim was the achieving of detachment through 
purification. This purification was originally a purely magical 
initiation ceremony or rebirth. It later acquired a link with 
alchemy through the purification of metals by fire (p. 86). 
The Pythagoreans introduced the idea of purification through 
knowledge, the pure knowledge of passive contemplation. This 
view, as expressed by Plato, was that the people, like spectators 
at the games, can be divided into three classes: those who go to 
buy and sell, the competitors, and the spectators. The last, 
who merely contemplate, he deems far superior. This ideal of 
pure science as contemplation, drawn from a primitive ritual 
debased by class society, has lasted down to our time. Now, 
as then, it provides a convenient excuse for enjoying knowledge 
without responsibility. 

Though these consequences of Pythagorean views are clearly 
reactionary they come from an age later than that of Pythagoras 
himself. The original Pythagorean community, according to 
Thomson,2*^^*2i® was as much political as religious, and as such 
was persecuted and finally dispersed. He regards Pythago- 
reanism as the first expression of democratic thought, that is of 
the rationalism of the merchant middle classes as against the 
traditionalism of the landed aristocracy, and compares its 
influence with that of Calvinism. In particular he links the 
Pythagorean insistence on the value of the mean and of 
harmony with the solution of the political struggle through 
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the rise of the merchants^ an idea which we now associate 
with Aristotle. 

The influence of Pythagoras 

The school of Pythagoras marked a branch point in the 
development of a Greek science both in theory and practice. 
From it stem two very different systems of thought. The most 
abstract and logical aspects were taken up by Parmenides and^ 
mixed with much mysticism^ became the basis of Plato’s 
idealism. In the opposite direction Pythagoras’ number theory 
was given a materialist content in the atomic theoiy of Leucip¬ 
pus of Miletus^ 475 b.c.^ and Democritus of Abdera, 420 b.c. 

In practical science the Pythagoreans established the possi¬ 
bility of dealing with physical quantities by reducing them to 
measure and number^ a general method which, though often 
stretched beyond its proper limits, was to provide one con¬ 
tinuous means of expanding the control of man over Nature. 
For mathematics the importance of Pythagoras was even 
greater in that his school established the method of proof by 
deductive reasoning from postulates. This is the most powerful 
way of generalizing experience, as it transforms a number of 
instances into a theorem. Valuable as it is in mathematics, 
deductive proof has been used ever since in the service of 
idealism to prove palpable nonsense from self-evident principles. 

Parmenides 

Among the first philosophers to do tliis were Parmenides 
(470 B.c.) of Elea in south Italy and his pupil Zeno (450 B.c.), 
both connected with the aristocratic and conservative party in 
the city. Parmenides w^as the philosopher of pure reason. He 
violently attacked the whole of observational and experimental 
science, claiming that such studies could only give uncertain 
opinions owing to the fallibility of the senses, w'hile the truths 
of number appreciated by pure reason were absolute. The 
demand for absolute truth and certainty, not to be found in the 
fallible senses, in “ the blind eye, the echoing ear,” expresses the 
deep need for fixity that always recurs, usually on the losing 
side, in times of trouble. 

It is not surprising that this anti-scientific idealistic trend was 
later taken by Plato and has persisted in philosophy to this day. 
Parmenides went further ; he refuted, by appealing to logic, 
Heraclitus’ view that everything changes. If what isy is and 
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what is not, is not, nothing can ever happen, and change is 
impossible. Not only change but also variety is impossible in 
such a universe. Xhe real universe is one and changeless. As 
our senses show us variety and change they must be only seem¬ 
ing, and the apparent material world must be an illusion. This 
is the first clear statement of the extreme idealistic view, and 
the beginning oi formal logic. Hegel took up Parmenides’ 
logic, and refuted his proofs by claiming that the idea of being 
contradicted by the idea of not being gives rise to the idea of 
becoming, and thence by the same dialectic idealism to the whole 
complex ideal world. This was the philosophy which Marx 
turned on to its feet in founding dialectic materialism. Par¬ 
menides’ idealism was not so pure as it seemed. The idea of 
changeless unity is an extremely convenient one for a minority 
ruling by “ divine ” right. 

Parmenides’ pupil, Zeno, attacked the basis of Pythagoras’ 
mathematical and physical theory by producing four ingenious 
paradoxes which appear to prove logically that time or distance 
can neither be continuous nor discontinuous. If space is 
continuous the runner can never reach the goal. If he is half¬ 
way it will take him time to get half the rest of the way and so 
on ad infinitum. If space is discontinuous the arrow can never 
move because it is either at one point or the next and there is 
nothing between. Zeno’s paradoxes were not entirely useless— 
they are the beginning of the search for rigour in mathematics. 
These subtleties were taken to prove that the visible world 
cannot really exist; but they may serve as well to show that 
pure reason can be sillier and emptier than anything the senses 
can contrive. 

Atoms and the void: Democritus 

The most effective answer to these idealist tendencies was 
given by Democritus, whose atomic theory was to have such an 
enormous influence on later science. Instead of thinking of a 
universe of ideal numbers he imagined one made out of small 
innumerable uncuttablc (a-tomos) particles, atoms moving in 
the void of empty space. The atoms were unalterable, to this 
degree agreeing with the changelessness of Parmenides; they 
were of various geometrical forms, to explain their capacity 
for combining to form all the different things in the world; 
and their movement accounted for all visible change. Thus 
Democritus was able to include the mathematical content of 
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Pythagoras, especially the insistence on the importance of 
geometrical form, while rejecting its idealism and mysticism. 

The introduction of the void —nothingness—into philosophy 
was also a daring step. The universe of the older philosophers 
was that of common sense; it was a full universe, a plenum. 
The idea of a vacuum was abhorred by all reputable philosophers, 
and the abhorrence was fathered on to Nature. Many of the 
great achievements of Renaissance physics, like Galileo’s 
dynamics, and later scientific and technical developments, such 
as the laws of gases and the steam-engine, arose in the process of 
overthrowing this idea (pp. 329 f.). 

The atomic theory had from the start a radical political 
flavour because it was frankly materialistic and avoided appeal 
to preordained harmonies. The authority of Plato and 
Aristotle, who supported doctrines of ideals or substantial 
forms (p. 146), was sufficient to prevent its general acceptance. 
Nevertheless it remained throughout the classical period as a 
persistent heresy, and through Epicurus and Lucretius had an 
effect on philosophy and ethics in its later stages. It stood for a 
world which maintained itself through the natural working of 
its parts and needed no divine guidance. The atomism of 
Democritus was completely deterministic, but later Epicurus 
introduced a certain amount of original variation or bias to his 
atoms in order to allow for variety and for free will in man.^-^^ 

It w ould be a mistake to think of Greek atomism as essentially 
a scientific theory of physics. No conclusions were drawn 
from it which could be practically verified. Nevertheless, it 
w^as the lineal and acknow^lcdgcd ancestor of all modern atomic 
theories. Gassendi (p. 329), the first of the modern atomists, 
drew his ideas straight from Democritus and Epicurus. Newton 
(p. 327) in his turn was a fervent atomist, and it was the inspira¬ 
tion of his work that finally led John Dalton (p. 452) to found 
the atomic theory of chemistry. The atoms of chemistry have 
not proved as uncuttable as their name implies, but the deeper 
explanations of nuclear physics still lies in the same atomic 
tradition. 

The age of Pericles 

The city of Athens emerged at the end of the Persian wars in 
479 B.c. as the economic and cultural leader of the Greek world. 
It had earned that place by its courage and persistence in 
opposing the invader. Its success was, in fact, largely due to 
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the use to which it put the money drawn from the Laurion 
silver mines. On 1 hemistocles’ advice it went to build up a 
navy which^ manned by the poorer citizens^ ensured not only 
victory for the city but also the power of the common people in 
its government. The commercial leadership of Athens still 
further increased its wealth and drew to the city not only 
artists and sculptors but also historians and philosophers. For 
the next century, even after the disastrous war with Sparta, 
Athens was the intellectual centre of the Greek world; and the 
heritage of Ionian science, particularly the matliematical, 
astronomical Pythagorean tradition, there received a new 
impetus. 

The period is one of enormous importance to the develop¬ 
ment of world science because it furnishes the link between the 
poetic speculations of the lonians and the precise calculations 
of the Alexandrian period. Indeed, the last of the Ionian 
philosophers, Anaxagoras of ClazomciiEe, settled in Athens, 
was the friend of Pericles, and was, as has been told, expelled 
for rationalism in 432 b.c. 

It was in this period that the major problems of science, 
social as well as natural, were set, though many diverse solutions 
to them were to be proposed in succeeding centuries. From 
then on Greek science was to be autonomous and to develop its 
own particular character within its own, largely unrealized, 
limitations. In the natural sciences this was an emphasis on 
mathematics and astronomy as providing tests of truth and, on a 
lower level, on medicine as a means of preserving health and 
beauty. 

The triumph of geometry 

From the moment of the discovery of the irrational (p. 124), 
Greek mathematicians turned away from numbers to the 
consideration of lines and areas, in which such logical difficulties 
did not arise. The result was the development of a geometry 
of measurement which is perhaps the chief gift of the Greeks to 
science. Babylonian mathematics and its success in India and 
Islam remained primarily arithmetical and algebraic. The 
chief architects of this transformation were Hippocrates of 
Chios, c. 450 B.C., and Eudoxus, 408-355 b.c. The former was 
the first to teach in Athens for money and the first to use letters 
to denote geometrical figures. He occupied himself with the 
geometrical solution to the classical problems of squaring the 
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circle and doubling the cube. Though he failed in both, he 
established chains of valuable propositions in the way in which 
Euclid was later to build his Elements. These problems, 
together with that of the trisection of an angle, which cannot be 
solved by ruler and compass, led other geometers like Hippias 
of Elis to construct higher curves and open a new branch of 
geometry. 

Eudoxus was probably the greatest of Greek mathematicians. 
It was he who founded the theory of proportions applicable to 
all magnitudes and discovered the method of exhaustion or 
successive approximation for measuring lines and areas which 
after it had been extended by Archimedes was to be the basis 
of the infinitesimal calculus. 

Spherical astronomy 

In the same period came the logical development of Pytha¬ 
goras’ world picture. Here the master was the same Eudoxus, 
as great an astronomer as he was a mathematician. He was 
able to explain the motions of the sun, moon, and planets by 
means of sets of concentric spheres each rotating about an axis 
fixed in the one outside it. The model was crude and mechanical 
but could serve at the same time in the form of actual metal 
spheres as a method of observation far more flexible than the 
old gnomon or dial. It is one from which all astronomical 
instruments to this day are derived. The theory of spheres was 
simple, too simple indeed to explain even the facts known long 
before to the Babylonians, such as the shorter length of the 
seasons of Autumn and Winter, which take up 89 days 19 hours 
and 89 days i hour respectively compared to Spring and 
Summer, which are 92 days 20 hours and 93 days 14 hours 
respectively. At the time these seemed minor blemishes to be 
removed by adding more celestial clockwork—a process which 
went on generating complexity until it was all swept away by 
Copernicus and Newton. 

Greek medicine: Hippocrates 

Greek medicine furnished yet another contribution to a 
coherent scientific world picture. It wove the two strands, one 
empiric, one philosophic, that have run through medicine ever 
since. Greek medicine, like Greek mathematics, is in un¬ 
broken continuity with the medicine of the ancient civiliza¬ 
tions (pp. 84 f.). The Greek doctors seem to have belonged 

130 



CLASSICAL CULTURE 


to the Asclepiadae, or clan of Asclepias^ the demi-god of 
Medicine^ one of the occupational clans or guilds. Indeed we 
have still in the Hippocratic oath 2.46.332 well-preserved 
relic of an adoption ceremony into the clan, carrying with it 
certain obligations to clan members and their families, which 
are still observed today. For instance, we find in it the clause: 

I will impart it by precept, by lecture and by all other 
manner of teaching, not only to my own sons but also to 
the sons of him who has taught me, and to disciples 
bound by covenant and oath according to the law of the 
physicians, but to none othcr.^*'^*^*'^^^ 

In Greece, as in the old civilizations, the doctor was somewhat 
of an aristocrat, dealing mainly with wealthy patrons. The 
treatment of ordinary people remained in the hands of the 
old wives and charlatans using traditional and magical 
reiflcdies. 

The first trend in Greek medicine is that associated with the 
almost legendary physician—Hippocrates of Cos. The so- 
called Hippocratic corpus is a mass of medical treatises, 
probably written over the period from 450 to 350 b.c., the tone 
of which is resolutely clinical. Medicine is treated as the art— 
techne —of curing patients. The most famous quotation from 
Hippocrates was occasioned by the need to warn physicians 
not to feed patients suffering from fevers: 

Life is short, and the Art long; the opportunity fleeting; 
experiment dangerous, and judgment difficult. Yet we 
must be prepared not only to do our duty ourselves, but 
also patient, attendants, and external circumstances must 
co-operate,^* 

Each case is considered on its merits, but the opinion on it is 
based on observations of similar cases. In this it follows the 
tradition of the Egyptian doctors (p. 84). Magical or religious 
causes or cures for disease arc not mentioned, and Hippocrates 
goes further in an explicit renunciation of such causes. Thus in 
the passage on the “ sacred ” disease, epilepsy, we find: 

It seems to me that the disease called sacred is no 
more divine than any other. It has a natural cause, just 
as other diseases have. Men think it divine because they 
do not understand it. . . . In Nature all things arc alike 
in this, that they can all be traced to preceding causcs.^*^^^*^ 
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The school of Cos is^ moreover, equally intolerant of the applica¬ 
tion of philosophy to medicine. In Ancient Medicine (the author 
of which may be the sophist Protagoras) we find: 

All who attempt to discuss the art of healing on the basis 
of a postulate—heat, cold, moisture, dryness, or anything 
else they fancy—thus narrowing down the causes of disease 
and death among men to one or two postulates, are not 
only obviously wrong, but are especially to be blamed 
because they arc wrong in what is an art or technique 
{techni)y and one moreover which all men use at the crises 
of life, highly honouring the practitioners and craftsmen in 
this art, if they are good.^*^’*®^ 

Despite this denunciation, the use of philosophical postulates 
tended to increase in medicine and even to find its way into 
Hippocratic writings. 

In part this arose from the beginning of anatomical and 
physiological studies. A follower of Pythagoras—Alcmaeon 
for instance—learned by dissection something of the function 
of nerves and dared to assert that the brain, instead of the 
heart, was the organ of sensation and movement. This fact, 
which must have been known practically to primitive hunters, 
was still being stoutly denied by doctors 2,000 years later. The 
more mystical doctrines found much more ready acceptance. 
Another Pythagorean, Philolaus, formulated the doctrine of the 
three spirits or souls of man: the vegetative spirits, which he 
shares with all growing things, situated in the navel; the animal 
spirit, shared with beasts only, which gives sensation and move¬ 
ment, in the heart; and the rational spirit, possessed only by 
man and located in the brain. These spirits were to haunt 
physiology and anatomy for centuries and prevent men using the 
evidence of their senses, till Harvey laid them to rest (pp. 30 f.). 

The doctrine of the humours 

The most persistent and damaging to the practice and theory 
of medicine was, however, the doctrine of the four humours, 
which was first clearly put forward by Empedocles (p. 121). 
He was a doctor as well as a philosopher and he naturally 
extended his cosmological ideas into his medical theory. He 
considered that the same four elements, or “ roots of things,” 
of which the universe is made, must be found in man and in all 
animate beings. For him, following probably more ancient 

132 



CLASSICAL CULTURE 

and mythical models^ man was a microcosm—a small world 
modelling in himself the macrocosm^ the great world. The 
four elements of the world—fire^ air, water, and earth—were 
matched by the four humours of the body—blood, bile, phlegm, 
and black bile. These are also the four sacred colours of 
alchemy—red, yellow, white, and black. According to which 
was predominant, the man was sanguine, choleric, phlegmatic, 
or melancholic. This led to a whole system of apparently 
rational medicine, which was for centuries to supersede the 
practical art of medicine of the original Hippocratic school (pp. 
201,272,403). On this theory treatment was aimed at restoring 
the appropriate balance of the elements by controlling the two 
opposite pairs of qualities, hot and cold, wet and dry, which 
determined the elements. Fire was hot and dry, air hot and 
wet, water cold and wet, earth cold and dry. If a man had a 
fever he needed more cold, if a chill more heat. 

It is easy to see now that these theories bore practically no 
relation to the facts of physiology, and that medical practice 
based on them could rarely if ever have good effect. Un¬ 
fortunately, in spite of their careful clinical studies, the school of 
Cos were also in no position to prescribe effective treatment. 
They excelled in prognosis and relied on the patient, if not 
given violent or unsuitable treatment, getting well through the 
curative power of Nature. Accordingly the profession naturally 
preferred a doctrine in which they had a larger share in the 
cure, and which exalted their art into a philosophy worthy of 
being followed by the best people. 

4.6—rZ/ii ATHENIAN ACHIEVEMENT 
The social philosophy of Athejis 

In the second and central period of Greek thought the 
interest of philosophy, which still included science, shifted from 
the material to the ideal plane. In this it reflected the later 
stages of the dramatic culmination of the development of the 
city state in the Athenian empire in the fifth and fourth 
centuries These events, because they revealed new 

forces at work in society and because they WTre so clearly and 
beautifully set down for future generations in the works of 
historians like Thucydides, remain of enormous importance to 
science and politics to this day. It began with the rise, for the 
first time in human history, of a deliberately constituted citizen 
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democracy. That democracy remained in power for long 
enough to show something of its enormous creative possibilities, 
to wliich the Parthenon and the Athenian tragedies still stand 
witness. It fell in the end because it was based on slavery 
and the exploitation of foreign territory. It was unable to 
resist the attacks of aristocratic reaction, embodied in the far 
more primitive State of Sparta well supported by Persian gold. 

The failure of Athenian democracy marked the turning point 
of classical civilization. Never again was it to approach as close 
to a popular control of social life and the overthrowing of the 
rule of the wealthy. From then on the Greek city state, for all 
its material successes and even its intellectual achievements, 
was doomed to ultimate destruction. Democracy had come 
near to offering real escape from the economic contradiction 
of the iron age city; without it the only other path was towards 
an increase of slavery at home and military adventures abroad. 
For another five centuries this was to spread Greek civilization 
over a large part of the world, but its inneT development had 
come to an end. 

The philosophers of reaction 

The great triad of Greek philosophers, Socrates, Plato, and 
Aristotle, all belong to Athens, but to the Athens of decline. 
They drew their enormous ability and power to influence 
thought from the revolutionary greatness of the first free city; 
the service they put it to was that of counter-revolution. 
Socrates, at least as Plato represented him, Plato himself, and 
Aristotle all showed a scorn of democracy that only partially 
hid their deep fear of it. Marx was too kind to the philo¬ 
sophers, or perhaps he was thinking of his old favourite Epicurus, 
when he said: “ The philosophers have hitherto only tried to 
understand the world, the task, however, is to change it.” The 
task that Plato quite consciously set himself was that of preventing 
the world from changing —at least in the direction of democracy. 

Socrates and logic 

This idealistic reaction in Greek thought was expressed in 
terms of the new technique of logic or the handling of words = 
logoi. Athenian politics in the democratic era gave to dis¬ 
putation and oratory an even greater importance than they had 
in most Greek cities (p. 114); they were a recognized way to fame 
and wealth. This gave rise to a new interest in words and their 
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meanings. The control of people by words became more 
rewarding than the control of things by work. A whole new 
class of professional wise men—the sophists—arrived to teach 
this road to success to those who were willing to pay. The 
most famous of them^ Protagoras^ is remembered for the sayings 
“ Man is the measure of all things/’ expressing the primacy of 
human convention over any absolute knowledge. His opponent 
was Socrates himself^ who developed a method of argument in 
which^ by asking a series of questions directed at his opponent’s 
own knowledge, he could in a very short time make it clear to 
the audience that his opponent did not know what he was 
talking about. For Socrates the chief end of man was indivi¬ 
dual goodness or virtue which was to be an automatic result of 
knowledge. Both the Greek word for goodness, arete^ and the 
Latin, virtuSy originally referred to combative manliness. Ares 
was the god of war. It took a long time to soften into the ideal 
of citizenship and still longer to Christian submissiveness. 
According to Socrates the knowledge which led to goodness 
was not physical knowledge or indeed anything that could be 
learned, it was rather a rejection of all opinion and reliance on 
inner intuition. In this he resembled his contemporary the 
Chinese philosopher Lao-tze, who was as sceptical of conven¬ 
tion and as secure in the hold on an inner natural truth. 

Socrates had his private “ daemon ” who inspired him at 
critical moments. What his own beliefs were it is difficult to 
say, because he wrote nothing and nearly everything we know 
of him comes from Plato. Socrates was a wonderful talker and 
a great character and had an enormous influence on the Athens 
of his day, making both devoted friends and bitter enemies. 

Although himself a man of the people he was not a supporter 
of democracy, and mingled, at least in his later years, mainly 
with the rich and with aristocratic young men. Some of these, 
like Alcibiades, turned against the city in the Spartan war, 
while others, like Critias and Charmides, took part in the 
reactionary government of the thirty tyrants formed after the 
defeat. These were turned out by a popular revolt in 403 b.c. 
and replaced by a democracy which, however, was pledged to 
the Spartans not to take political reprisals. It was under this 
government that Socrates was accused of impiety and of corrup¬ 
tion of the youth, but the real reasons for his trial were political. 
His enemies apparently only wanted to exile him, but his calm 
and defiant defence led them to sentence him to death and 
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make him the first and most famous martyr of philosophy. 
The circumstances of his life and deaths more even than his own 
character^ mark a parting of the ways in Greek thought 
Henceforth philosophy will have a moral or ethical and a 
natural or physical branchy and for 2^000 years tlie first will 
have the greater prestige. 

Plato 

Plato, as a wealthy young Athenian aristocrat, came under 
the influence of Socrates at a time when his political ambitions 
seemed thwarted for good by the return of democracy.^-^ He 
determined to devote his life to philosophy with the object of 
leading men to a better life by working out the principles of a 
perfect State. This led him on the path of idealism in philo¬ 
sophy, and indeed he became for all time its greatest exponent. 
For though he was far from being the first idealist, he was 
able to present his views in the form of dialogues with a beauty 
and persuasiveness that have never been bettered in philo¬ 
sophic writings. Indeed their beauty of expression has hindered 
men in all ages from seeing the ugliness of the ideas expressed. 
The main political objective of Plato, expressed especially in 
The Republic and The Laws^ is to draw up the constitution of a 
State where all the old privileges of the aristocracy —the best 
people—will be preserved for ever, and which at the same time 
can be made acceptable to the lower orders. For inspiration 
he turned to Sparta, where the barrack life the citizens led in 
common was supposed to preserve them from graft and political 
intrigue, and to keep down the helots,'^* though it had 
notoriously failed to do the first and ultimately the second as 
well. Plato divided the citizens of his Republic into four 
grades: the guardians; the philosophers, who ruled; the 
soldiers, who defended; and the people, who did all the work. 
The guardians held everything in common without even family 
life. The common people were allowed this luxury but no 
power at all. These class divisions were to be permanent and 
justified by a myth or “ noble lie ” about God creating men of 
four kinds—gold, silver, brass, and iron. 

These are the four colours yellow, white, red, and black that 
already appear in the humours (p. 133), and are also the varna 
of the original castes of India: Brahmins (sages); Kshatryas 
(warriors); Vaishnavas (cultivators); and Sudras (serfs). 
Cornford, however, claims that Plato was not thinking in class 
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terms and that each class was chosen so as to be most suitable 
for its duties. However, the passage he quotes hardly bears 
this out. In Plato’s allegory, 

if the rulers find a child of their own whose metal is 
alloyed with iron or brass, ‘‘ they must, without the least 
pity, assign him the station proper to his nature, and 
thrust him out among the craftsmen and farmers. If, on 
the contrary, these classes produce a child with gold or 
silver in his composition, they will promote him, accord¬ 
ing to his value, to be a Guardian.” 2.12.133 

This shows clearly that normally the classes were hereditary 
but that PlatOj like the British ruling class of today, was clever 
enough to see that to allow a limited number of able members 
of the lower orders into the upper classes was the safest method 
of perpetuating their rule. 

Through this rigid class system Plato hoped to find perfect 
and above all stable government. The guardians would have 
no responsibility to their families but only to the State, and no 
material cares or ambitions. They would also be subjected to 
an education in philosophy, mathematics, and music, which 
would, he thought, induce a superior benevolence. In this 
way he hoped to graft on to the Spartan constitution some of 
the remembered glories of the Athens of Pericles, where for 
some years the new democracy had entrusted the rule of the city 
to a cultured group of wealthy citizens. Plato hoped to get his 
political views accepted by finding a prince who was a philo¬ 
sopher or who could be trained to be one. His last effort was 
with Dionysius the younger, tyrant of Syracuse, but neither he 
nor his court could stand the rigours of the mathematical 
training required. Plato’s republic has been variously judged 
by later generations. In the Middle Ages, compared wath the 
arbitrary and inefficient rule of illiterate kings and nobles, it 
seemed a progressive ideal, especially as it was presented in 
such beautiful and persuasive prose. In our time, however, 
we sec in it most unpleasant anticipations of the maintenance 
of the class rule of the capitalists,-*^® which found an echo in 
the bogus Corporate State of the Fascists. 

To support this central theme of the ideal city, and at the 
same time to justify the life of its philosopher guardians, Plato 
took over the views of Pythagoras and Parmenides (p. 126) 
which exalted the apprehension of absolute truths that were 
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unchanging, logical^ and mathematical. The emphasis on the 
discussion of words and their true meanings tended to give 
to words a reality independent of the things and actions to 
which they referred. Because there is a word for beauty^ 
beauty itself must be real. Indeed it must be more real than 
any beautiful thing. This is because no beautiful thing is 
altogether beautiful, and so whether it is beautiful or not is a 
matter of opinion, whereas beauty contains nothing but itself 
and must exist independently of anything in this changing and 
imperfect material world. The same logic applies to concrete 
things: a stone in general must be more real than any particular 
stone. 

Platonic idealism 

Thus grew u]) the fantastic world of ideals —images of per¬ 
fection—of which the material world was but a flickering 
shadow on the walls of the cave in which wc are imprisoned in 
this lifc.^*^® 

Plato moreover was not really concerned with providing 
an explanation of these appearances; what seemed all- 
important to him was to prove that certain abstract conceptions 
were absolute and eternal, independent of sense impressions 
and to be grasped only by the eye of the soul. These were the 
triad of absolute values: truth , goodness, and beauty. The first 
he owed to Parmenides, the second to Socrates, and the third 
was his own special contribution, though one drawn from the 
art-for-art’s-sake aestheticism of the wealthy Athens of his young 
days. These absolute values are still with us. The claim that 
they are superior to, and beyond any knowledge derived from, 
the senses is used now as then to put a limit on scientific 
investigation and to support intuitive, mystical, and reactionary 
views. 

Yet Plato himself argued for them on the basis of such science 
as known in his day. He derived them, in fact, largely from 
mathematics and from astronomy, or rather astrology. The 
word astrology or reasoning (logos) about the stars was coined 
by Plato himself to replace the old astronomy, or mere ordering 
(nomos) of the stars. Later astrology got such a bad name 
that the old word came back. He embraced and extended the 
mystical views of Pythagoras on the cosmic importance of 
number and geometrical figures, and found in them examples 
of absolute truth independent of the senses. Plato does not 
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seem to have contributed much to mathematics himself^ but his 
influence undoubtedly gave it a prestige that drew many 
good minds to it later. Beings however, deliberately abstract 
and contemplative, it drew mathematics away from its origin 
in, and application to, practical experience and thus held back 
the development of algebra and dynamics. 

Astrology 

With mathematics Plato coupled astronomy, but it was a 
peculiar kind of astronomy, the stars as they should be rather 
than as they were. The old popular view was that the heavenly 
bodies, and particularly the sun, moon, and planets, were divine 
l)eings. That is why old-fashioned people resented as impious 
the claims of the Ionian philosophers that they were globes of 
fire wandering {planein) through the sky. Plato saved the 
situation, but at a terrible cost to science: he combined mathe¬ 
matics with theology by asserting, in the fiice of evidence already 
cxisting,^-^'that the planets showed their divinity by the 
unchanging regularity of their perfect and circular movements, 
composing between them the inaudible harmony of the spheres. 
Thus any al((’ration was banished from the heavens as he would 
have liked to have banished it from human affairs, and the 
highest duty of man was to contemplate eternity and to find in 
it the proof of his own immortality. Plato’s philosophy took 
back the challenge science had offered to faith. By postulating 
celestial perfection he stifled the ideas, already expressed by the 
Pythagoreans, that it was the earth itself that moved. His 
influence was consequently effective, together with that of his 
great rival and successor, Aristotle, in holding back man’s 
knowledge of the real motion of the heavens, and with it any 
p(3ssibility of valid physics, for 2,000 years. 

The Academy 

When Plato’s hopes of the philosopher prince faded, he 
j eturned to Athens, being captured and nearly sold as a slave 
on the way. There for forty years (387-347 b.g.) he expounded 
his doctrines in the groves of the hero Academus to a number 
of very select pupils. Over the gate was written ‘‘ Let no one 
ignorant of mathematics enter here.” The teaching in the 
Academy did not stop with Plato’s death. Though it did not 
develop his ideas significantly it preserved them and, with the 
prestige of Plato and Athens behind it, the Academy endured 
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for nearly j,ooo years till Justinian dosed it in a.d. 525. It 
was an extension and rationalization of the mystical fellow¬ 
ship of Pythagoras. Both discussion between initiates and the 
teaching of aspirants were undertaken. Its great importance is 
that it is the parent of all the universities and scientific societies 
of our day. It was Plato himself who determined the character 
and tone of the institution. It was certainly academic in the 
modern sense. Pure knowledge^ almost exclusively mathe¬ 
matics^ astronomy, and music^ was to be acquired by the 
reading of texts rather than the study of Nature, which was full 
of deceptions and irregularities. Plato’s insistence on mathe¬ 
matics, however, did secure the presence of at least one 
scientific discipline in what might otherwise have been a purely 
literary education. Confucius, whose influence on Chinese 
education was to last almost as long as Plato’s on that of the 
West, omitted mathematics. This may well have contributed 
to the relative backwardness of Chinese science. Ideally, in the 
Athenian Academy the knowledge of the true, the good, and 
the beautiful was sought for its own sake. Actually it was 
considered by the later Greeks, and the Romans after them, 
that it was an excellent training for a distinguished career for 
young men of good family. 

Platonism 

The influence of Plato, however, penetrated much further 
than the Academy. Progressively debased by keeping the 
mystical elements and neglecting the logical and mathematical 
ones, Platonism permeated all conformist thought in late 
classical times. It mixed early with Christianity and indeed 
formed the major intellectual support for its theology. After 
the closing of the Academy Plato’s original works were for¬ 
gotten, all except the most absurd of them, the Timaeus^ which 
( ontains his mythical account of the formation of the world, 
liis teaching was transmitted largely through the Neoplatonism 
of the even more mystical Plotinus (p. 167). The Arabs re¬ 
discovered some of his other works and translated them, but it 
was not till the Renaissance that they were again studied in the 
original and had an effect at least as great as when they were 
first written. It was largely owing to Plato that the early 
humanists were not scientific. In the sixteenth and seventeenth 
centuries, however, the mathematical inspiration of Plato 
played an important part in guiding the thoughts of Kepler, 

140 



CLASSICAL CULTURE 

Galileo (pp. 295 f.), and through the Cambridge Platonists, also 
of Newton (p. 338). 

Aristotle 

Aristotle^ at first a disciple of Plato^ broke from the Academy 
after the master’s death and in 335 b.c. founded a rival school 
of philosophy^ the Lyceum. He was born at Stagira in 
Thrace^ but belonged to the Greek clan of Asclepiadae or 
physicians (p. 131). Aristotle came to occupy^ for a variety of 
reasons^ a central place in the history of science. Living as he 
did at the culmination of one phase in Greek political life and 
at the beginning of another^ he was in a j^osition to collect all 
the knowledge of the free Greek cities and pass it on to be 
applied in the empires that took them over. For most of his 
life he enjoyed special favours from cities and kings^ and he made 
full use of his opportunities. His scientific output was larger 
and covered a wider range than that of any other single man 
before or since. Further, most of his work reached posterity, 
for it was handed on, enlarged with voluminous commentaries, 
by the Lyceum, which was at first as active in inquiry as the 
Academy in contemplation. 

Aristotle was a logician and a scientist rather than a moral 
philosopher. He lacked the high-minded reforming zeal of 
Socrates or Plato. Belonging to a later generation he realized 
that Plato’s social ideas were out of date. Plato’s philosopher 
prince, Dionysius the younger of Syracuse, was neither able nor 
willing to preserve the kind of independent aristocratic republic 
of which he dreamed. Aristotle had his own philosopher prince, 
no less a one than the young Alexander, whose tutor lie was from 
343 to 340 B.c., but he was dreaming of carving out a great Mace¬ 
donian military empire rather than of ruling a Greek city state. 

Aristotle was content to make the best of things as they wTre. 
He was above all the philosopher of common sense, almost of 
commonplace. He saw no need to change the State. All 
that was necessary was for people to adopt a moderate course 
and things could go on very well as they were. This was the 
celebrated doctrine of the mean —neither too much nor too 
little—which was the basis of his ethics. 

Classification and formal logic 

The great contributions of Aristotle were to logic, physics, 
biology, and the humanities \ in fact he founded all these subjects 
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as formal disciplines, and even added metaphysics for what would 
not fit into them. His greatest, and at the same time his most 
dangerous, contribution was the idea of classification^ which ran 
through the whole of his work and was the basis of his logic. He 
introduced or at least codified the way of sorting things based on 
resemblance and difference that we still use. The questions he 
asked were: What is the thing like?—genus. And how does it 
differ from the things that are like it?—differentia. His verbal 
dodge, the syllogism —all men are mortal; Socrates is a man; 
therefore Socrates is mortal—is still taught as logic today, as 
if we could ever know the general before knowing the 
particular. 

Aristotle was the first great encyclopaedist. He tried to give 
some account of every aspect of Nature and human life of 
interest in his time. Moreover, he succeeded, wlu're many 
encyclopaedists after him failed, in doing so in an orderly way. 
He inherited the order from earlier thinkers. Aristotle took 
over and effectively canonized the system of four superposed 
elements, fire^ air, water, and earth, for the sublunary sphere, 
and even added a fifth, the quintessence, ether, for the upper 
regions. 

The earth, w^ater, and air arc peopled with living things each 
in its proper place with its proper form. Though each indivi¬ 
dual is subject to birth and death, generation and corruption, 
the form remains unchanged (p. 631). Aristotle broke 
definitely with the Ionian school by refusing to consider how 
the world had been made. The world always was as it is now 
because that is the reasonable way for it to be. There is no 
need for any creation. This was somewhat of a difficulty when 
Aristotelianism was taken as the philosophic basis of the 
Catholic Church, but it was easily overcome by introducing 
a sudden creation in the beginning and a sudden destruction at 
the end and leaving everything in the middle exactly as it was. 

Aristotle* s physics 

The key to the understanding of the world, according to 
Aristotle, was physics. But by physics he did not mean what 
we mean now—the laws of movement of inanimate matter. 
Quite the contrary. The physics or nature of any being was 
what it tended to grow into and how it normally behaved. 
Indeed, Aristotle’s thought, because of his medical background 
and biological interests, interpreted the world as if everything 
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were alive. He used physics in the sense that nature is used in 
the hymn: 

Let dogs delight to bark and bite, 

It is their nature to. 

The object of scientific inquiry was to find the nature of every¬ 
thing. It had to range from explaining why all stones fall, to 
why some men are slaves. In every case the answer is the 
same, “ It is their nature to.” It is, in fact, as comprehensive 
an answer as to say, “ It is the will of God that they should,” 
but it sounds more scientific. As Butler expressed it of a later 
philosopher, Hudibras: 

He knew what\s whal, and that’s as high 

As nieUiphysic wit can fly. 

In Aristotle’s Physics and On the Heavens he applied this method 
to what we call the physical universe, where it is most in¬ 
applicable. His explanation was hardly more plausible than 
that of Plato, and lacked both its emotional exaltation and 
mathematical interest. But because it was part of the great 
Aristotelian logical universe, it became the main form in which 
Greek thought on the structure of the universe was transmitted 
to posterity. This was to prove particularly unfortunate for 
the progress of physics. Giordano Bruno had to be burnt and 
Galileo condemned before doctrines which were derived from 
Aristotle, rather than from the Bible, could be overthrown 
(pp. 297 f.). The subsequent history of science is largely, in fact, 
the story of how Aristotle was overthrown in one field after 
another. Indeed Ramus was not far from the mark when he 
maintained in his famous thesis of 1536 “ that everything 
Aristotle taught was false.” 

Final causes 

Aristotle built his physical wwld in the image of an ideal 
social world in which subordination is the natural state.^*^"*^^^ 
In this world everything knew its place and, for the most part, 
kept to it. Natural motion occurred only when something was 
out of place and tended to return to it again—as a stone falls 
through air and water to rejoin its native earth, or as the sparks 
fly upwards to join the celestial fires. This applies only to such 
objects as have no natural motion of their own. It is in the 
nature of a bird to fly in the air, of a fish to swim in the water. 
That, in fact, is what birds and fishes are for. In this can be 
seen one of his leading ideas, that of final causes^ in which 
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organisms and even matter are endowed with a purpose to 
reach appropriate ends. Aristotle admitted other causes such 
as the material cause and the effective cause^ which provided the 
material support and made things work, but he considered 
them inferior to final causes. This doctrine has been a curse 
to science because it furnishes a glib way of explaining any 
phenomenon by postulating an appropriate end for it, without 
liav’ing the botlier of finding out how the plienomenon works. 

Motion and the vacuum 

The battle against final causes in science has been a long 
one, and victory is by no means yet complete. According to 
Aristotle natural motion is final; all other motion reejuires a 
mover, as when a horse draws a chariot, the slaves row a galley, 
or when the unmov(‘d mover turns tlic outer sphere of the 
heavens. What, however, is to be said of violent motion, as 
when an ariwv is shot from a bow? This had long been a 
difficult question for Greek physics and Zeno had already by a 
triumph of logic proved that the arrow could not move at all. 
Aristotle found the solution: the mover was air The air is 
opened up before and closes in behind.” 

lliis error led to another w'hicli was to prove as great a 
stumbling-block to later physics. If air is necessary for violcait 
motion and violent motion exists in the sublunary world, the 
sublunary world must be full of air and a vacuum is impossible. 
The syllogism is complete, but as the minor premiss is wrong 
the whole argument collapses. Aristotle uses another aigumcjit 
against a vacuum which seems in some contradiction to the 
first.-* Aristotle argues: ‘"as air resists motion, if the air 
was withdrawn a body would either stay still, because there was 
nowhere for it to go, or if it moved it would go on moving 
at the same speed for ever. As this is absurd there can be 
no vacuum.” It is interesting to sec that hen' he states almost 
word for wwd NewUon’s first law of motion, and uses its a priori 
rejection to prove the impossibility of something witliin a few 
miles of his head. But in any case a vacuum would not do; 
to admit it would lead straight to atomism and atheism. The 
doctrine of Nature abhors a vacuum ” had a practical origin 
in the experiences of sucking up liquids, which led to the 
suction pump. In the end if w^as the limitation of the suction 
pump that was to lead 'rorricelli to the j)roduction of the 
vacuum (p. 329). 
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Biology : the scale of Mature 

The inadequacy and wrong-headedness of Aristotle’s physics 
arc partly compensated by the extent and quality of his bio¬ 
logical observations. The qualification is not the fault of 
Aristotle,, because the valuable contributions he made to the 
classification and anatomy of animals received comparatively 
scant attention till our own times^ when it was too late for 
them to be of any help. In biology the idea of final causes is a 
much more plausible one^ as it is an expression of the successful 
adaptation of organisms to environment—“ Oh, grandmother, 
what big teeth you have! ” “ The better to eat you with, my 

dear.” The big bad wolf was a perfect Aristotelian and not too 
bad an ecologist. Nevertheless, even in biology final causes 
have had a most stupefying effect. Research ends with the 
determination of the purpose of an organism or organ. 

The guiding idea of Aristotelian biology is that everything in 
Nature is reaching up to achieve what perfection it can, and 
that it achieves it in difierent degrees. This led Aristotle 
to draw up a scale of Nature with minerals at the bottom, 
then vegetables, then more and more perfect animals, and 
finally man at the top. Such a scale might be thought to 
imply evolution, but Aristotle was sure that nothing really 
changed in the world, and that species must be eternal fixed 
signposts to perfection or imperfection. Indeed he tended far 
more to sec a beast as an imperfect man, and a fish as an 
imperfect beast, than the other way round. His immense 
authority, added to that of Genesis, held off the idea of evolution 
for more than 2,000 years. The idea of different grades of 
perfection was useful in another way —it justified the belief 
that some men are naturally masters, some naturally slaves. 
If these arc so unnatural as not to realize it, wars to enslave 
them are naturally justified. 

Matter and form 

The concept of master and slave, of order and subordination, 
runs through all Aristotle’s thought. He expresses it in his 
adaptation of Plato’s ideals, the dual concept of matter and 
form. Matter is brute, undifferentiated; form is imposed on it 
by mind {nous). The crudest matter is capable of any form. 
It has all forms in it potentially. The form represents a purpose 
of perfection, wliich may not always be reached. In making a 
statue, for instance, the matter is passive and accommodating 
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up to a point,, but sometimes refractory, as when it breaks the 
hammer or otherwise refuses to accept the form which the 
sculptor wishes to impose on it. As a result of this refractoriness 
of matter, nothing in the sublunary world is perfecty each par¬ 
ticular thing has accidental features, where matter and chance 
have thwarted rational purpose. 

Substance and essence 

Aristotle’s forms are distinguishable from Plato’s ideals because 
they arc not universals^ each refers to a particular animal or thing. 
In Aristotle’s terminology the forms are substantial. This 
word substance means to Aristotle something very different 
from its meaning in modern science. It is a metaphysical 
character by which a thing is itself and no other. To allow 
for some measure of change while preserving individuality, 
underlying each substance there is an essence. Thus sub¬ 
stantially a man has two legs, but these are not part of his 
essence, for he may lose one or both of them without ceasing to 
be a man. The ideas of essence and potentiality arc biological 
in character, expressing the lower and upper limits of what an 
individual of species can reach. In th(‘ first case it just manages 
to exist, in the second it is exhibiting its full powers. 

The idea of potentiality op(’ns the way to the conception of 
evolution of forms from the imperfect to the perfect. Pcj- 
fcction is always conceived following Parmenides and Plato as 
higher and unchangeable. Living things are sensible and 
corruptible, higher than them come heavenly bodies, sensible 
and incorruptible. Higher still is the rational soul, insensible 
and incorruptible, and highest of all is God, the most changeless 
of all substances and hence the most actual, the most fully 
realizing its potentiality (Fig. 6). 

Man and God 

Thus the crown of Aristotle’s work was its extension to man 
as a social animal, zoon politikoriy and beyond him to God. 
Man contained in himself, following the doctrine of Philolaus, 
three souls or spirits: the vegetable soul, the animal soul, and 
the rational soul or nous. The last belonged to man alone. 
The purpose of each soul, which was its motive power, was to 
strive for its own perfection ; the vegetative soul, for growth ; the 
animal soul, for movement ; and the rational soul, for contempla¬ 
tion. The perfection of the rational soul was to strive for 
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something even more perfect^, which could only be God^ the 
unmoved mover of the whole universe^ at the same time the centre 
and the boundary of Aristotle’s metaphysics. Aspiration and 
love can only be upward: “ We needs must love the highest 
when we see it^” as a slave for his master, a woman for her 
husband, and a man for God. Love down the scale is not 
called for. It was this theocentric conclusion that so endeared 
Aristotle to the clerical schoolmen of the Middle Ages and 
helped them to overlook the contradiction between his philo¬ 
sophy and the Bible story of creation. 

Taken as a whole, Aristotle’s system of philosophy is a 
magnificently comprehensive rationalization of the experience 
and attitude of a reasonably well-to-do citizen. Only a mind 
that combined enormous industry with unshakable com¬ 
placency could have worked it out. Its genius did not lie in 
any of its separate parts. Except for a few personal biological 
investigations, none of it was original; but what was borrowed 
was taken from the best people. Its peculiar genius lay in its 
comprehensiveness, its orderliness, and in the unity which was 
given to the whole system by his logic. 

To achieve the comprehension Aristotle had made another 
innovation of enormous promise for the future. Instead of 
doing all the work himself or merely discussing it with his 
colleagues, as was the practice of the Academy, he organized 
research. In the Lyceum, which was probably subsidized by 
Alexander, Aristotle’s young men collected information on 
nearly everything, from social and natural forms of literature to 
the constitutions of cities, from animals and plants to stones. 
What is left of the results today is the most valuable and 
systematic knowledge of Greek life and thought. Even more 
valuable is the practice of such investigations. Just as the 
Academy is the original of the university, the Lyceum is that of 
the research institute. 

The influence of Aristotle 

As will be shown in the next section (4.7) the following out 
of Aristotle’s method of research was very soon to undermine 
or refute most of his own conclusions, including the central 
one of final causes. Indeed his views on many topics were 
out of date before he put them forward. His enormous in¬ 
fluence on Arabic and medieval thought, however, came in 
spite of, or perhaps because of, those limitations. The finer 

147 



THE IRON AGE : 


developments of Greek science were either completely lost or^ 
like the work of Archimedes^ not appreciated till the Renais¬ 
sance. They could not be understood except by highly trained 
and sophisticated readers, not easily to be found in the Dark 
Ages. Aristotle’s works, however, though tough going, did not 
require, or did not seem to require, anything but common sense 
to understand them. Like Hitler, Aristotle never told anyone 
anything they did not already believe. No experiments or 
apparatus were needed to check his ol)servations, no trouble¬ 
some mathematics to derive results from them, no mystical 
intuition to understand any inner significance. Plato, it is 
true, appealed more to the imagination and had more moral 
fervour; but Aristotle explained that the world as they knew it 
was just the world as they knew it. Like M. Jourdain in 
Molierc’s Bourgeois Gentilhomme they had all been philosophers 
without realizing it. As long as the world remained the same 
Aristotle would do, but, as we shall see, the world did not 
remain the same. 

Taken together, the three great philosophers of the decline 
of Athens mark a definite arrest of the scientific movement 
which had begun with the Ionian philosophers. Because the 
social order could no longer advance, the idea that Nature 
itself was changing and developing was repudiated. Philo¬ 
sophy ceased to be progressive and, as part of the same re¬ 
action, ceased to be materialist. Idealism in the mystical form 
of Socrates and Plato, or in the conformist scheme of Aristoth', 
took its place. Philosophy taught the acceptance ol* life as it 
was, and had nothing to offer to those who found it intolerable 
but that their sufferings were inevitable and were part of the 
great order of Nature. Such philosophy was well on the way 
to becoming a religion, but a religion for the benefit of the 
upper classes alone. 

^.f~^~ ALEXAMDER\S EMPIRE 
Hellenistic science 

The arrest in general scientific ideas did not, however, mean 
the end of practical science; indeed it was to prove a great 
stimulus to it. It remains true that no great comprehensive 
attack on the problems of Nature and society was made between 
the time of Aristotle and that of Bacon and Descartes, for 
neither the medieval schoolmen nor the Arabs were, or would 
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even claim to be^ their masters. Nevertheless most of the 
detailed achievements of Greek mathematics^ astronomy^ 
mechanics, and physiology come from the next age, that of 
Alexandrian or Hellenistic science. The reason cannot be an 
intrinsic one, the later Greeks were at least as clever as the 
earlier ones. It must be looked for in the social field, in the 
conditions that discourage general creativity but encourage the 
working out of limited fields and the development of practical 
applications. 

The great political and economic change that followed within 
a century of the fall of Athens was the forcible unification of the 
independent rival city slates by new large land empires which, 
however, drew their culture largely from the same source. 
How much this change was overdue was shown by the im¬ 
mediate successes of Philip of Maccdon and Alexander. The 
cities were far too weakened by internal class struggles and 
divided by mutual jealousies to put up effective resistance. 
The new type of well-drilled and well-equipped mercenary 
armies could go where they liked. The levies of the old 
Persian empires, largely untrained peasants led by hereditary 
nobles, were no match for them, however great their numbers. 

In evei y other way the Greek type of civilization which the 
Macedonians had simply taken over showed itself superior 
to those of the older civilizations it overran. In technique, in 
organizing ability, in knowledge, in art, the Greek way of 
doing things imposed its(df wherever it appeared. Greek 
merchants and administrators followed the armies, and cities 
of a Greek type, though often with only a minority of Greeks, 
were set up, from the first and most famous Alexandria in 
Egypt to the farthest Alexandria Eschata (Kojand) in 
Afghanistan. Nor did Greek influence stop there; it spread 
far and wide beyond the boundaries of the Alexandrian empire. 
In the Far East its ( fleet was diluted by distance, but the first 
Indian cmpir(', that of the Buddhist Asoka, was a direct result 
of Alexander’s raid; and something of Greek art, philosophy, 
and science spread with Buddhism as far as China. At about 
the same time an analogous, but quite independent movement 
was taking place there. In 221 b.c. the ruler of the semi¬ 
barbarian Chin State created by force of arms the first Chinese 
Empire of iron age type, and called himself by the name of the 
legendary first emperor Flwang Ti. Though his dynasty was 
not to last, the unity of the Empire was never subsequently 
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lost for long at a time. All through classical times the highly 
civilized Han Empire bordered those of Persia, and India. 

The influences of Hellenism on the West were much greater, 
because there was less indigenous culture to be replaced, The 
Latin clansmen were rapidly Hellenized, partly influenced 
by the city culture of the Etruscans, themselves coming from 
Asia, and partly by that of the Greek colonists of the coastal 
cities. One city, Rome, after expelling its Etruscan kings, proved 
more powerful than all the rest, and after a stormy internal 
political history emerged as the plutocratic republic, which was 
later, as the Roman Empire, to dominate tlie whole area. 

The Hellenistic cily, and the Macedonian empires 

The Hellenistic cities differed in many ways from the Greek 
cities on which tliey were modelled. First, to the class dis¬ 
tinctions that already operat('d there was added a race or 
culture distinction between the Greek-speaking oflicial and 
trading classes, and the natives. These natives in the south 
and cast, though politically suppressed, knew they had a 
culture of their own far older and by no means inferior to that 
of the Greeks. Though this division softened with time it 
lasted to the very end of the classical era, where the old cultures 
reasserted themselves in a new religious form (p. 188). Secondly, 
the cities were not independent, but formed part of the shifting 
empires of the Ptolemies of Egypt, the Antiochids of Syria, and 
the v^arious dynasties of Asia Minor and Greece. This was a 
return, though only a partial one, to the state of the old empirt's 
with a divine king, a court, and an army, originally Macedonian 
but later filled with every kind of local levy or mercenary. The 
citizens might suffer from tyrannical or, even worse, from weak 
kings, but they could do very little about it. The real decisions 
were made at court or on the battlefield. They therefore con¬ 
centrated on making money and enjoying life, while the ])oor, 
the natives, and the slaves endured the situation as best they 
could. Tlie result was the splitting of society to a degree that 
had never been reached in human history. The citizens had 
the opportunities to develop a very select and superior culture, 
but it was doomed to sterility from the start. 

The philosophies of acceptance 

The spread of Hellenism had indeed taken place at the 
expense of its internal cultural development. In art, drama, 
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literature, and politics^ the late Greek achievements, par¬ 
ticularly those of AthenSj werc^ so to speak, frozen» Good 
models were copied in the slightly exaggerated and sentimental 
Hellenistic style; commentary and criticism flourished, but 
nothing really great and new was produced. 

In philosophy there were no real successors to the schools of 
Democritus, Plato, or Aristotle. Indeed philosophy, which had 
already parted from science, was from the time of Alexander 
also parted from political life and became almost exclusively 
moral. The citizen might now enrich himself, but he no 
longer shared in ruling the State except by favour of the Court. 
Philosophy was now concerned with reconciling politically 
impotent man to the uncertainties of life in an economically 
insecure and war-ridden world. The dynics and Sceptics 
shrugg('d their shoulders. Th(' Stoics put up a fine show of 
superior indifference liased on the belief in the intrinsic value 
of virtue, and in a world ruled by unaltcTable fate which the 
stars determined. Tlu! Epicureans urged men to make the best 
of it, to practise virtue as the surest way to pleasure, and not 
to worry about the gods who lived far above this world of 
whirring atoms.The pliilosophy of the ancient world was 
to peter out in the mysticisms of th(‘ Gnostics and the Neo- 
jflatonists, and the last echo of its old voice was to be the 
Consolation of Boethius, in the end of one era but the beginning of 
anotlier. Between them the philosophers represented what 
might more properly be called the rcli^iion of the cultivated 
upper classes. They were indeed providing the intellectual 
language in which the cruder, but far more vital, religions of 
the lower classes were to express themselves as soon as they 
came to power. 

Hellenistic science 

The one exception to the general intellectual decay was for a 
few centuries the development of natural science. There was 
indeed in certain directions, particularly mathematical, 
mechanical, and astronomical, a notable new outburst of 
creative thought. This arose largely on account of the econo¬ 
mic and technical consequences of the conquests of Alexander. 
By throwing open to Greek trade a world far wider than it ever 
had known, it created a new market which for a time relieved 
the chronic crisis of the Greek city state: the under-consumption 
due to the wretched conditions of the poor and the slaves. 
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The export market for manufactured goods was still a class- 
restricted one: only goods for wealthy households were pro¬ 
duced—chased silver^ moulded pottery, blown glass, papyrus, 
dyed cloth, elaborately patterned textiles—but it was large 
enough for these goods to be made in quantity. This led to the 
rise of manufacturing towns employing, for the most part, wage 
workers kept down by slave competition. At the same time the 
larger areas under a single government favoured a limited sea 
trade in the necessities, particularly corn, to feed this non- 
agricultural population. This led in turn to technical im¬ 
provements, not only in manufacture but also in agriculture, in 
w^hich slave gangs w^cre being used on a large scale. Such 
improvements wer(' the concern of‘ rulers and hence of their 
scientific advisers. Another and even more pressing need for 
new techniques lay in the almost permanent state of war 
betw^ecn empires, for which ever more complex engines were 
always in dcmiand. The Macedonian rulers of the Hellenistic 
States were, unlike the Romans who were to supplant them, 
brought up in the aura of the prestige of Greek learning; they 
not only permitted, but (mcouraged it in all its branches. It 
was Greek science rather than literature or philosophy that 
was the main beneficiary. 

The Museum of Alexandria 

Indeed the great contribution of Greek sc ience to the science 
of later times w'as for the most part derived from the w^ork in the 
early Hellenistic or the Alexandrian i)eriod (330-200 B.c.) and 
largely at Alexandria itself, the most important Greek city of 
the new empire of the succc^ssors of Alexander—the Ptolemies. 
Greek science was brought into direct contact wdth the problems 
as well as the technique and science of the old Asian cultures, 
not only those of Egypt and Mesopotamia but also to a certain 
extent those of India. And now, for tlie first time in human 
history, there was a deliberate and conscious attempt to organize 
and subsidize science. The Museum at Alexandria was the 
first State-supported research institute, and although its artistic, 
literary, and even philosophic production was negligible apart 
from its preservation of ancient texts, it contributed more to 
science than any single institution had done before and 
possibly has done since. The scientific work of the Museum, 
taken together with that of its ex-members and correspondents 
in the rest of the classical world such as Archimedes, was 
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far more specialized than any other had ever before been or 
was to be for another 2,000 years. It reflected the isolation of 
the Greek citizen to an even greater degree. The scientific 
world was now large enough to provide a small^ appreciative^ 
and understanding elite for works of astronomy and mathe¬ 
matics so specialized that even the average educated citizen 
could not read them, and at which the lower orders looked 
with awe mixed with suspicion. This enabled the scientists to 
venture into complex and refined arguments^ and by mutual 
criticism to make enormous and rapid advances. At the same 
time these advances were very insecure. The whole scientific 
edfort depended on the patronage of an enlightened State. 
When that went the edifice of learning largely collapsed and, 
because it had no living roots outside tlie big cities^ was largely 
forgotten^ though it left a few vitally important writings to be 
brought to light again in the Renaissance. 

The main trends of work in the early days of Ah'xandrian 
science followed those of Aristotle and his school. The Museum 
might indeed be considered as the Egyptian branch of the 
Lyceum^ which^ as it was better endowed, in a few years came 
to overshadow the earlier foundation. Strato, c. 270 b.c., 
the most generally competent of the Hellenistic scientists, 
taught both at Alexandria and Athens and was the last 
important head of the Lyceum. 

The scope of research at both institutions did not, however, 
embrace tlie whole of Aristotle’s vast programme. His own 
biological and sociological interests were not developed further 
except by his immediate successor, Theophrastus, who did for 
botany what Aristotle had done for zoology and who began a 
descriptive mineralogy which, though crude, was not sub¬ 
stantially improved for 2,000 years. It was especially physics 
in its astronomicaly opticaly and mechanical branches that was 
intensively studied. Instead of Aristotle’s preoccupation with 
logic there was a rapid development mathematics along Platonic 
lines. This was primarily concerned with the inherent beauty 
of ideal forms and the need to impress them on the merely 
observable world. Nevertheless it could be, and was, used on 
a lower plane to provide more exact astronomical descriptions 
and to reduce mechanics, pneumatics, and hydrostatics to exact 
sciences. 

With ideal conditions for work, improved instruments, and 
scope for experiments, the cruder intuitions of Plato and 
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Aristotle were soon left behind. Teleology;, the doctrine of 
natural places and final causes, was abandoned;, so was the 
Aristotelian theory of motion which made a vacuum impossible. 
Much of the atomic theory of Democritus^ which the Athenian 
philosophers had so sternly expelled^ was readmitted. To a 
great extent the first stage of the destruction of the philosophy 
which the Middle Ages believed to be that of the Ancients had 
been accomplished by the beginning of the third century b.c. 
Boyle would have found himself in complete agreement with 
the views of Strato. But he was never to learn them. Except 
in mathematics the advanced thought of Hellenistic times was 
largely lost. The reason for this has already been touched on. 
It was the effective isolation—social and ideological—of the 
scientists of Alexandria;, Athens, and Syracuse. They were no 
longer philosoplua s. Strato, according to Cicero, “ abandoned 
ethics, which is the most necessary part of philosophy, and 
devoted himself to the investigation of Nature.” They there¬ 
fore drifted out of the main current of interest, which in those 
times of crises and decadence turned inward on the inner 
world of the individual. Their advanced view's were not 
propagated and, except in astronomy, wdiere they were still 
needed for the more limited tasks of the time, particularly 
astrology, they were forgotten wdiile the moia^ common-scmsc 
and unscientific view's of Plato and Aristotle w^erc carefully 
preserved. 

Hellenistic rnalheniatics: Euclid 

The mathematical and physical sciences w ere pursued in the 
Hellenistic world wuth two ends in view, the aceidcmic and the 
practical. The academic, which was of course' the higher, was 
centred on mathematics and led to an extension and sys¬ 
tematization of one branch—geometry. Numerical calcula¬ 
tions were considered definitely inferior and were disguised as 
geometry when needed. But here solid and admirable results 
were obtained. Archimedes applied and improved these methods 
of Eudoxus (p. 130) to determine the value of tt to five places— 
the practical squaring of the circle—and to find the formulae 
for the volumes and surfaces of spheres, cylinders, and more 
complex bodies. This was the effective beginning of the 
infinitesimal calculus which was to revolutionize physics in the 
hands of Newton. There was a great study of higher curves 
for the purpose of solving the classical and useless problems of 
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(a) Plan of city with elevation of walls from statue of Gudea of Lagash, c. 2250 
B.C., showing stylus and ruler with different scales. 

{b) Archaic Greek potter at work with slow wheel. 

(r) Greek bronzc-castcrs at work. 
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trisecting an angle and doubling a cube. Of* far greater 
ultimate significance was the elaboration by Apollonius of 
Perga, c. 220 b.c., of the studies of the conic sections—ellipse, 
parabola, and hyperbola—discovered by Menaechmos in 
r. 350 B.c. His work was so complete that it could be taken up 
unchanged by Kepler and Newton nearly 2,000 years later for 
deriving the properties of planetary orbits. 

Even more important than their separate achievements was the 
systematization of mathematics achieved in Hellenistic times. 
Logical linking of theorems was known before (p. 130)—indeed 
Aristotle’s logic is a copy in words of the geometrical procedure 
of proof. It was, however, not until Euclid {c. 300 b.c.) that a 
large part of mathematical knowledge was built together in one 
single edifice of deduction from axioms. The value of this for 
mathematics was considerable, as shown by the fact that Euclid 
is still in one form or another the basis of geometrical teaching. 
Its value in physical science is more doubtfuL emphasizing as it 
did the superiority of proof over discovery and of deductive logic 
based on self-evident principles over inductive logic based on 
observations and experiments. The success of geometry held 
back the development of algebra, as did the very primitive 
Greek number notation. A partial exception is the work of 
Diophantus, c, a.d. 250, on equations. This work, which 
comes late, shows internal evidence of the influence of con¬ 
temporary Babylonian-Chaldean mathematics. 

Hellenistic astronomy : Hipparchus and Ptolemy 

The study of astronomy lay midway between the theoretical 
and practical. According to Plato it was the study of an ideal 
world in the sky, suited to the dignity of the gods that lived 
there. Any deviations which could be observed in th(‘ real 
sky were to be ignored or explained away. On the other hand 
the implied importance of the skies required that the position 
of the stars, and particularly of the planets, should be accurately 
known, and known in advance, if there was to be any hope of 
dodging the predictions of astrology. As a result of these two 
tendencies, Hellenistic astronomy—the only part of Greek 
science to come down to us without a break—was largely 
engaged in trying to make ever more complicated schemes fit 
the observations without violating the canons of simplicity and 
beauty. This pursuit encouraged the development both of 
mathematics and physical observation. It may be said that 
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astronomy, almost up to our own time, was the grindstone on 
which all the tools of science were sharpened. 

The mathematical basis of astronomy was tlie spheres of 
Eudoxus, but for actual working out it was easier to consider 
planetary motion in the flat and to save the appearances by 
introducing ‘‘ wheels within wheels.” This was done by the 
greatest observational astronomer of antiquity, Hipparchus 
(i 90 -'i 20 B.C.), who invented most of the instruments used for 
the next 2,000 years and compiled the first star catalogue. 
His planetary system, though more accurate, was far more 
complicated than that of Eudoxus and removed its last shred of 
mechanical plausibility. In the form in which it was presented 
by Ptolemy (a.d. 90-168) 200 years later it was to be the stand¬ 
ard astronomy till the Renaissance. It was accepted because it 
removed all the difiiculties from earth to heaven, where, after 
all, there is no reason to expect that vulgar mechanics would 
hold. Further, as it w'as made to measure—epicycles being 
added as required—it gave tolerably accurate predictions. 

The alternative tradition, that it w\'is the earth that turned, 
put forward by Ecpliantns in the fourth, or perhaps by Hicetas 
in the fifth century b.c., had never been lost. It was powerfully 
supported by Hcraclides of Pontus (r. 370 b.c.), who adopted 
the system of a revolving earth still in the centre of the universe 
round which the moon and sun turned, but wdth the planets 
turning round the sun and not the earth. This system, whicii 
completely describes wdiat is observed, was later to be that of 
Tycho Brahe (p. 290). The final logical step was taken by 
Aristarchus of Samos (310 -230 b.c.), who dared to put the sun 
and not the earth in the centre of the universe. This system, 
however, despite the eminence of its propounder, won scant 
acceptance largely because it was thought to be impious, 
V)hilosophically absurd, and violated everyday experience. 
It remained, however, a persistent heresy transmitted by the 
Arabs, revived by Copernicus, and justified dynamically by 
Galileo, Kepler, and New'ton (pp. 278 f., 289 f., 334 f.). 

Scientific geography 

The development of astronomy made a metrical and scientific 
geography possible for the first time. The problem of con¬ 
structing a map is one of relating the astronomic positions on 
a sphere, the imaginary parallels of latitude and meridians 
(midday lines) with the positions of towns, rivers, and coasts, as 
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reported by travellers and officials. This is equivalent to 
measuring the of the earthy which was first achieved by 
Eratosthenes of Gyrene (275-194 b.g.), a director of the 
Museum, 'riie value he found for the circumference—24^700 
miles " is only 250 miles wrong, and was not improved on till 
the eighteenth century. The conquests of Alexander had 
greatly enlarged the boundaries of the w^orld known to the 
Greeks, but there they stopped—there was no economic drive to 
further exploration east or w'est, apart from a few lone voyagers 
like Pytheas of Marseilles (r. 330 b.g.) , until the time of the 
Renaissance. The lack of interest in ocean voyages made it 
unnecessary to develop an accurate navigational astronomy, 
for coastal voyages could well enough be made witli a very 
elementary knowledge of the stars. 

Optics was also a minor appendage of astronomy. Tlie 
Ancients never achieved a lens—their glass was too full of 
flau^s. St Paul only saw through a glass darkly, and crystal 
wTis too rare. Their catoptrics—the study of mirrors—was 
developed to the extent of arranging illusions and burning 
mirrors, but had no serious use. On the other hand their 
dioptrics—the measurement of angle by sights—was used in 
accurate surveying. In spite of this they never seem to have 
realized true perspective, which had to wait till the Renaissance. 

Hellenistic mechanics: Archimedes 

It was in mechanics that the Hellenistic age furnished its 
greatest contribution to physical science. The first impetus 
probably came from the technical side. Greek workmanship, 
particularly in metals, had rccichcd a high level before Alexan¬ 
der. Transplanted to countries such as Egypt and Syria, with 
far greater resources at their command, it could be used to 
effect radical improvements in all machinery, especially those 
of irrigation, weight shifting, shipbuilding, and military 
engines. We know that a great crop of apparently new devices 
appeared around the third century b.g., but their origin is still 
obscure. They may well have come from the discovery by 
invaders of traditionally developed machinery of local crafts¬ 
men, afterwards written up and further developed by literate 
Greek technicians. The mutual stimulation of accurate work¬ 
manship and precise calculation was to be observed again in the 
Renaissance. The compound pulley and the windlass may 
have come from sailing-ships, and gearing from irrigation 
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works; but the screw seems a somewhat sophisticated invention. 
Some mathematician may have had a hand in it. On the 
demands of their royal patrons, philosophers were by then 
prepared to debase themselves by considering the mathematical 
design of machinery. Certainly all the legends of Archimedes’ 
war machines must have some foundation, though Plutarch 
says of him, He looked upon the work of an engineer and 
everything that ministers to the needs of life as ignoble and 
vulgar.” Archimedes (287-212 b.o.) was one of the 
greatest figures in Greek mathematics and mechanics, and tlie 
last of the really original Greek scientists. He was a relation of 
Hiero II, the last tyrant of Syracuse, and took a large part in the 
defence of'that city against the Romans. He was killed, while 
working out a probhan, by a Roman soldier wlio either did not 
know or did not care what he was doing. Though he was very 
much in the tradition of pure Cireek science, we know from the 
chance discovery of his work on method that he actually used 
mechanical models to arrive at matlicmatical results, though 
afterwards he discardc'd them in the proof. For the most part 
his work was not followed up in classical times. It was only 
fully appreciated in the Renaissance. The first edition of 
Archimedes’ works appeared in 1543, the same year as the 
de Revolutionihus of Copernicus and the Fabrica of V’^esalius, and 
had an effect comparable with them (p. 296). 

Statics and hydrostatics 

In his elements of mechanics Archimedes gave a full and 
quantitative account of the working of the simple machines 
and laid the foundations of the science of statics^ a charac¬ 
teristically Greek analysis of the conditions under which 
forces would exactly balance. He was also the founder of 
hydrostatics^ the laws of floating bodies, which was to have two 
important uses. One was for the determination of the densities 
of bodies by weighing them in water; this, because it could be 
used for the testing of precious metals, was taken up at once and 
never lost. The other, the estimation of the burden of a ship, 
was well enough known by tradition to shipbuilders and was 
not calculated till the late seventeenth century (p. 318). 

Pneumatics 

One radically new branch of mechanics was pneumatics—the 
study and use of air movements. Here Gtesibius {c. 250 b.g.) 
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and Hero (c, a.d. ioo) provided many ingenious tricks working 
by compressed air, mostly for use in temples. Hero even 
constructed a rudimentary steam-engine working on a jet 
reaction principle. A more practical development was that of 
pumps. In this the technical proficiency of the metal-workers 
produced double-acting force-pumps as good as anything that 
existed before the present century and cheap enough to be used 
even in remote Britain. Another pneumatical device was the 
water-driven wind organ with stops operated by keys^ just as 
our own organs and pianos are. 

The mechanical knowledge and attainments of the Hellenistic 
period were in tlieinselves quite sufficient to have produced the 
major mechanisms that gave rise to the Industrial Revolution— 
multiple drive textile machinery and the steam-engine--but 
they stopped short of this point. It is true they lacked the 
prime material of that period—cheap cast iron—but they 
possessed all the means to make it, power-driven bellows were 
well within their scope. The decisive reason was the lack of* 
motive. The market for large-scale manufactured goods did not 
exist. The rich could afford hand-made goods, the poor and the 
slaves could not afford to buy anything they could do without. 

The dawn of scientific chemistry 

The mathematical-mechanical character of the science of 
the Greeks, together with their unwillingness to concern them¬ 
selves with anything that would dirty their hands, preventcxl 
them from making any serious progress in chemistry, tfiough the 
beginnings of alchemy and the key chemical process of distilla¬ 
tion may date back to early Alexandrian times. Indeed, under¬ 
lying the semi-mystical procedures described by such late 
writers as Zosymus of Panopolis (a.d. 400) and Mary the Jewess 
(a.d. c. 378-^.431), an almost legendary figure, the supposed 
inventor of the water bath {bain-marie), we may imagine there 
must have been some straightforward chemical experience and 
the beginning of theory, drawn from Aristotle’s Meteorology, 
in books now lost to us. The growing success of these depended 
on improvements in glass-blowing technique needed for the 
still (ambix) (p. 202) and in the preparation of pure materials. 

Natural history 

Little need be said about the achievements of the Hellenistic 
scientists, other than doctors, outside the field of the physical 

160 



CLASSICAL CULTURE 


sciences. The iinjDetus given by Aristotle to a complete study of 
all aspects of the universe did not last more than a generation. 
Only a few significant advances were made in the study of 
animals and plants though a beginning was made on books on 
practical agriculture. 

Hellenistic medicine: Galen 

It was in medicine_, even more than in astronomy, that the 
social conditions of Hellenistic and Roman times favoured a 
continuity of tradition and even a limited advance. The 
rulers and the wealthy citizens could not do without doctors. 
Indeed the increasingly unhealthy life they led made them 
more and more dependent on them. The Museum encouraged 
much research in anatomy. 

H(‘rophilus of Chalccdon [JL 300 b.c.) was a great anatomist 
and pliysiologist basing himself on observation and experiment* 
He was the first to understand the working of nerves and the 
clinical use of the pulse,, and distinguished the functions of the 
sensory and motor nerves. Erasistratus (280 b.c.) went further 
and noted the .significance of the convolutions of the human 
brain. Although most of the finest work of the early Alexan¬ 
drian pei'iod has I;)een lost in tlu* original, tljt! essence of it was 
passed on in the tradition and was incorporated in the vast 
production of the last of the great classical doctors^ Galen 
(a.d. 130 200). He was born in Pergamum in Asia Minor,, 
but alter training there and at Alexandria ended by taking a 
very lucrative practice in Rome. He in turn became the 
fount of* Arabic and medieval medicine and anatomical know- 
ledgCj and acquired a reverence and authority as great in his 
field as that of Aristotle. The doctors of later times^ impressed 
by his range of knowledge and experimental skill, hesitated to 
pit their own observations against his. Indeed, the Galenic 
system was ii skilful blend of older philosophic ideas, like the 
doctrine of the three spirits or souls (p. 132), with acute but 
often delusive anatomical observations, largely because he was 
limited to dissecting animals. Galenical physiology, with its 
ebbing and flowing of spirits and blood in arteries and nerves, 
with the heart as the origin of heat and the lungs as cooling 
fans, still indeed lives in popular language. It was as much 
the basis of human belief about the little world of man—the 
microcosm—for over 1,000 years as Aristotle’s cosmology was 
about the great world of the heavens. It was not until the 
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Renaissance had got behind it a conijaarablc mass of observa- 
tionSj and was furnished with a far better mechanical philosophy^ 
that Galen's views could be superseded. How thoroughly that 
has been achieved is shown by the fact that the first full English 
translation of Galen has only recently been published. 

4.8- HOME AND THE DECADENCE OF CLASSICAL 

SCIENCE 

By the middle of the second century b.c. the Hellenistic 
empires were collapsing in anarchy and iindttr the wxa’ght of the 
more vigorous power of Rome. There w^as nothing mysterious 
about its success in achieving power over the Mediterranean 
world. Whichever native city managed to establish itself as 
dominant in Italy would hiwc an enormous advantage botli 
over the Greek or Phcenician city states and over the Asiatic 
Hellenistic empires^ all of which had suffered from ccnturi(‘s of 
w'asteful exploitation which had left them polilically and 
economically weakened. Italy w^as still, in the third century 
B.G.^ a farming country with a good climate and plenty of 
timber^ just in the first Hush of expansion^ with a glowing, 
healthy population. Its slow early gnwvth had left Rome far 
nearer the clan organization of society than the cities of the 
older civilizations. The Roman republic could count in its 
wars on popular support, which the others could never do. 
Arming themselves repeatedly with the techniques of their more 
advanced enemies, the Romans could be beaten in battle but 
they could not be conquered. Rome’s only serious rival was 
the commercial republic of Carthage, which could match it in 
wealth but not in man})ower. 

Internally Rome had experienced essentially the same class 
struggle that had racked the Greek cities, but in an even more 
naked form, expressed in the rivalry of patricians and plebeians 
for control of the State. In the first century b.c. this culminated 
in bitter civil wars which ])avcd the way to military dictatorship 
and later to empire. Indeed, the acquisition of the Eimpire 
was one means by which the rich could buy off the poor with a 
small portion of the loot of provinces. Another was the policy 
of extending Roman citizenship first to Italian and then to 
other provincials, thus turning what was originally a city state 
into a territorial State dominated by slave-owners and wealthy 
merchants. Piece by piece the States of the eastern and 
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western Mediterranean fell into Roman hands and at the 
same time they opened up the barbarous hinterlands of Gaul, 
Britain, western Germany, and Austria. The result was the 
formation of a great new empire, occupying the whole Mediter¬ 
ranean area, but sharing the Hellenistic kingdoms with a newly 
liberated Persia. 

The cement of the Empire was the army by which it had been 
won, and by which, with decreasing success after the time of 
Augustus, it was defended against barbarians. The emperor, 
as commander-in-chief, usually managed to impose and collect 
enough taxes to keep the soldiers from mutinying and choosing 
another emperor. The Empire was effectively a loose federa¬ 
tion of cities managing themselves and profiting for their 
mutual trade on the internal Pax Romana. The best land of 
the countryside was farmed by slave gangs in the villas of the 
wealthy. For the rest the poorer areas—the pagi or marshes- - 
were left to the natives- the—largely following their own 
tribal customs (later to become the peasants of the Middle Ages 
and to give their name to the country or pays) or to newly 
settled coloni and freed slaves who gradually became serfs— 
villani, villeins, or villains. 

'Fhe spread of the Roman Empire had a very different effect 
on culture from that of Alexander’s conquests. By the time 
the Romans came on the scene the impetus of Greek civilization 
had already passed. In science and art it was already decadent. 
In another sense the Romans came on Greek civilization too 
late: their owm economic system, based on wealthy patricians 
and their clients, was far too set to make effective use of science. 
Besides, the Roman upper class, and while the Empire was being 
built they were the only Romans that counted, though they 
adopted the trappings of Greek civilization, despised it. 
Neither they nor the new provincials of the West added any¬ 
thing significant to it. The best that they could do was to 
pick up some of the general ideas of Greek philosophy and use 
them to support their own form of class rule. The elder Cato, 
a country diehard of the second century b.c., hated Greek 
science and made no bones of it. According to him Greek 
doctors came over to poison the Romans, and philosophers to 
debauch them. Cicero, a rising lawyer a century later, took 
a much more enlightened view. He found much to praise 
in the philosophy of Plato and Aristotle, which justified the 
rule of the best people, but suspected that the Epicureanism 
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which Ihs countryman, Lucretius^ was introducing would shake 
the people’s faith in the gods and hence in established order. 
However^ the philosophy most in vogue^ especially in the days 
of the Empire^ was Stoicism. Though Stoicism had started as a 
philosophy of resistance^ rather like early Existentialism^ its 
emphasis on virtue for its own sake gave the Roman admini¬ 
strators^ and even an occasional emperor like Marcus Aurelius, 
a sense of sacrificing themselves, without thought of reward, 
for the public good. Seneca, the most distinguished of the 
Roman Stoics and the tutor of the artistic emperor, Nero, saw 
nc)thing odd in accumulating a large fortune—no doubt as a 
sacred trust. 

It is customary to blame the practical spirit of the Romans 
for the sharp decay of science that set in about the time of the 
first Roman emperors. It is much more probable that tlie 
causes were deeper: they lay in the general crisis of classical 
society, which flowed from (lie accumulation of power in the 
hands of a few rich men (whether they were at Alexandria or 
Rome did not much matter), and also in the general brutaliza¬ 
tion of a population of slaves and of what we may call, from 
more recent analogies, ‘‘ poor whites.” Their impoverishment 
lowered the demand for commodities, which depressed still 
further the condition of merchants and craftsmen. This was 
an atmosphere in which there was no incentive for science, and 
in which the science that still existed carried on from inertia 
and very soon lost its essential quality C)f inquiring into Nature 
and doing new things. 

works and trade 

The application of existing knowledge could, however, for 
several centuries be made more extensively and on a larger 
scale than ever before. Not only could gigantic public works 
such as roads, harbours, aqueducts, baths, and theatres be 
constructed, but unrestricted trade could flourish and products 
from all parts of the Empire could be freely interchanged. 
This led, for commodities like pottery, to what was practically 
factory production of standardized articles. However, with 
abundant slave labour and a market still restricted to the 
well-to-do classes, the master manufacturers had no incentive 
to take the next step of introducing machinery, and the 
conditions for developing an industrial revolution never 
arose. 
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Archikxture 

The two characteristic contributions of Roman technology 
were to architecture and agriculture. The building of aque- 
ducts_, amphithcatreSj and large basilicas called for the develop¬ 
ment of the arch and the arched vault—made possible by the 
lavish use of burnt brick and of a concrete made from lime and 
volcanic ash. In spite of its massive impressiveness^ Roman 
architecture shows far less sense of the exploitation of the 
possibilities of arch and vault than does the medieval Gothic. 
It was only in the very last stages, and that in C4oristaiUinople, 
that the really ingenious construction of the light pendentive 
supported dome was evolved fiom Persian models. 

Agriculture could hardly become a science until far more 
was known of biology than could possibly be known to the 
Ancients. Indeed it is hardly a science yet. The tigricultural 
writings of the Romans, of which the best known are the 
Georgies of the poet Virgil, are necessarily limited to recordings 
ol'peasant practice togetlicr with some grim reminders of estate 
management based on slave labour. They are none the less 
iiUercsting in showing how, particularly in fruit and vegetable 
gardcaiing, most of the techniques of today were well known and 
practised. On the other hand, lack of suitable horse harness and 
ploughs set a limit to (he Idnd of land that could be cultivated. 

Administration and law 

The great positive contribution of the Romans to civilization 
that is found in every history book is their creation of a system 
of law. Now Roman law is anything but a scientific attempt 
at securing fair dealing between man and man; it is frankly 
concerned with preserving the property of those fortunate 
enough to have acquirc'd it. It contains, as Vico first saw, 
the relics of three superimposi’d layers of cultural history. 
First, there is the old tribal custom, evolving from its matriarchal 
to a most severe patriarchal stage under the influence of the 
monopolization of movable property in cattle [pecunia). This is 
the celebrated family system in which the paterfamilias 

despotically rules his wife, children, mid famuli or slaves. Next 
comes the imprint of city and merchant law, the result of the 
long economic and political struggles of the Republic, with its 
emphasis on cash and recovery of debt. Last is the effect of the 
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Imperial administration with the recognition of the prerogative 
of the prince. In its final codified form^ at the very end of the 
Empire under Justinian in the sixth century^ it shows the 
influence of the severe Stoic philosophy which,, like Con¬ 
fucianism in China^ had become the second nature of the 
Roman officials. There is much social history to be learned 
from Roman law, but it contributed to science only the concept 
of a universal law of nature. Inapplicable essentially to the 
totally different economy of the feudal period, it was revived, 
with all the aura of the greatness of the Empire, in the Renais¬ 
sance as the basic code of capitalism (p. 714). 

Decline and fall 

In the latter days of the Fanpire, from the time of Hadrian 
(a.d. 117-138), the whole economy began to break down. 
The army, whicli had been a great source of wealth in slaves and 
loot, became an increasing but necessary burden, for now new 
lands were no longer being conquered and the Empire was 
finding its own defence increasingly diflicult. Attempts at 
reform only made things worse in the long j'un. Money 
economy was underminecl by inflation and gave way to barter, 
based on exchange of goods largely locally produced and 
consumed. The villas^ in which the rich took refuge to escape 
taxation, became centres of local production and gradually 
replaced the old cities as economic centres, and trade became 
more and more limited to luxuries. These were only the last 
symptoms of a disease that was inherent in the class society of 
the ancient world. There was no way of getting rid of ex¬ 
ploitation short of a complete breakdown. 

Economic and intellectual decay 

Classical civilization was already intrinsically doomed by 
the third century b.c., if not earlier. The tragedy for science 
was that it took so long to die, because in that period most of 
what had been gained was lost. Knowledge that is not being 
used for the winning of further knowledge does not even 
remain—it decays and disappears. At first the volumes 
moulder on the shelves because no one needs or wants to read 
them; soon no one can understand them, they decay unread, 
and in the end, as was the legendary fate of the Great Library 
of Alexandria, the remainder are burnt to heat the public- 
bath water or disappear in a hundred obscure ways. 
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Adysticwn and organized religion 

Thought did not stop with the fading away of nalural science; 
it merely turned once more towards mysticism and religion. 
Though the emotional drive to mysticism is the desire to 
escape from this wicked world, it had an elaborate philosophic 
intellectual foundation, deriving from Plato at the time of the 
decay of the democratic city state. The subsequent schools, 
particularly the Stoics and the Neoplatonists, developed the 
mystical side of Plato’s idealism and left out the mathe¬ 
matical, except in the form of a cabbalistic numerology abound¬ 
ing in magic squares and mystic numbers. From the first 
century onwards, philosophic mysticism fused with that of the 
salvation religions, of which Christianity was the most success¬ 
ful. Their common intellectual feature was a reliance on 
inspiration and revelation as a higher source^ of/? 7 ///z than the senses 
or even than reason: as Tertullian expressed it, "‘I believe 
because it is absurd.” 

The rise of these religions was itself a symptom of the hope¬ 
lessness of the slave, and even of the citizen, in the face of a system 
that ground him down and from which it seemed impossible to 
(‘Scape (]). 183). He could take his choice of indulging in almost 
revolutionary denunciations of the system, such as are found in 
the Apocalypse, and stirring up resistance to official worship; or 
of retiring to the desert to avoid contamination with the evil of 
the world. To the religious it was not only idolatry but all that 
went with the hated, upper-class State that was abominable; 
the luxury, the art, the philosophy, the science were all signposts 
on the way to hell. Augustine and Ambrose, turning from 
wicked learning to holy nonsense, were just as much part of the 
movement as the monk-led mob who stoned Hypatia, one of the 
last of the Greek mathematicians. Only when the old classical 
world was utterly destroy('d, as in the West, or tamed, as in the 
fhist, could the Church allow, and then very gradually and 
reluctantly, a limited secular science. How this happened will 
be told in the next chapter, which will trace the rise of the new 
civilizations which stemmed from the decay of the classical 
world. Here also will be found an account of Christianity, 
which though it arose out of classical civilization was a product 
of popular opposition to all that it stood for and properly 
belongs to the next stage of society. Despite its opposition 
to classical culture it would be absurd to blame Christianity for 
its decline and fall. It w^as a symptom rather than a cause. 
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The mysticism, the absurdity, the confusion and decay of late 
classical times were the products of the social and economic 
collapse of the plutocratic slave State. In Aristotle’s sense it was 
far gone in corruption; in the Chinese phrase, it had exhausted 
the mandate of Heaven. Although the rule of nominally 
Roman emperors in Constantinople was to last another 
thousand years, that empire belonged to a new age. 

The barbarians 

The final phases of the break-up of classical civilization took 
different forms in tlu' older civilized and Hellenizcd eastern 
parts of the Empire, than in the r(*Ialively recently conquered 
West, where city life was a foreign importation and the country¬ 
side was still largely pagan. The East absorbed its barbarians. 
City life never ceased and passed with hardly a break into 
the rule of Islamic Caliphs, and that of the (far more Greek 
than Roman) Byzantine emperors. The new structure of the 
States was not the same as the old, but trade, culture, and 
learning were preserved and for a while brilliantly revived. 

In the West there was something like a general economic 
collapse of which the barbarian invaders took advantage, 
'riie barbarians were not themselves responsible for that 
economic breakdown. Far from invading the Empire, in the 
first place tliey were introduced into it as mercenaries, slaves, 
or serfs, largely to make up for the shortage of labour which the 
killing exploitation of the Roman landlords and tax-gatherers 
had already produced. Further, the Roman technique had not 
developed far in the practical field of food production in the 
heavily forested lands of the North and West. There seems 
to be no doubt that the barbarians themselves had better 
agricultural techniques than the Romans they displaced. At 
least they were able to cultivate the fertile and heavy soils of 
western Europe which the Romans neglected. In Britain, for 
example, the Roman estates covered only a fraction of the land 
occupied and effectively tilled by the heathen Saxons. 

Loss of organization and technique 

What was lost in the barbarian invasions of western Europe 
was everything of culture that depended on large-scale material 
organization. Bridges, roads, aqueducts, irrigation canals, all 
fell into decay and largely disappeared. So did the distribution 
of standardized goods, such as pottery, from a few central 
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factories. The only fine techmcj[ues to survive and flourish were 
those producing portable objects of fine metal-work for orna¬ 
ments and weapons. With the disappearance of a literate class 
of wealthy people and their dependants in the cities there was 
little left of the tradition of philosophy, and hardly anything of 
science. Late classical scholars took refuge in the Church, 
like Gregory of Tours or Paulinus of Nola, or became officials 
of barbarian kings like Boethius, or retired to their estates like 
Ausonius (r. a.d. 310-c. 395). Nevertheless enough was left in 
Europe of the classical culture to enable it to be reborn, purged 
of most of its limitations of the days of the Empire. In Venice, 
Salerno, and far-away Ireland were sources from which the fresh 
and original medieval culture was to flow, and to meet again 
in the twell'th century the main stream that had flowed through 
the Islamic East.^*^^‘ 

4.9—77//t LEGACY OF THE CLASSICAL WORLD 

This book is concerned witli the influence of science on history, 
and in particular with that of the natural science of the classical 
world on the life of the times and of succeeding ages. This 
chapter should serve to bring out something of wdiat science 
meant and effected in the life of the Greek city. We are apt to 
be so dazzled by the intellectual and artistic brilliance of the 
Greeks that it is difficult to realize that their knowledge and 
skill affected far more the appearances than the practical and 
material realities of life. The beauties of Greek cities, temples, 
statues, and vases, the refinermmt of their logic, mathematics, 
and philosophy, blind us to tlic fact that the way of life for most 
people in civilizc‘d countries was, at the fall of the Roman 
Empire, much what it luid been 2,000 years belbre when 
the old bronze age civilization colla])scd. Agriculture, food, 
clothes, houses, were not notably improved. Except for a 
slight improvement in irrigation and road-making, and for new 
styles in monumental architecture and town planning, the 
science of the Greeks found little application. This is not 
surprising; for in the first place science w^as not developed by 
well-off citizens for that purpose, which tlu^y despised, and in 
the second, even wdth the best will in the w orld, the science they 
had acquired was far too limited and qualitative to be of much 
practical use. Greek mathematics, elegant and complete as it 
was, could be applied to few practical purposes for the lack of 
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either experimental physics or accurate mechanics. The chief 
fruit of the magnificent Greek astronomy was^ apart from 
astrological predictions^ a good calendar and some indifferent 
maps. The great nursery of applied astronomy^ the art of the 
navigator^ hardly existed for lack of ships or incentives to sail the 
trackless ocean. 

The other sciences^ chemistry^ biology, even medicine^ were 
hardly more than catalogues, reasonably well ordered^ of the 
common observations of smiths^^ cooks^, farmers^ fishermen^ and 
doctors. Where science intervened it was to impose naive or 
mystical tlieories^ based on elements or humours^ which confused 
and distorted the understanding of Nature. The consequences 
of the social sciences of the Greeks were more direct^ though 
just because they were relative to the conditions of a city state 
they becaiiK' inapplicable when these changed (p. 714). The 
techniques, in contrast to the sciences^ lasted far belter and lost 
less. Indeed, except where they depended on scale, like ihc 
inaking of roads and aqu(‘ducts, they were transmitted un¬ 
changed in essentials, though, at least in the West, they were 
debased and simplified in expression. 

I’he full possibilities of classical culture could not be realized 
in the framework of the civilization wliich gave it birth. They 
were blocked at every turn by the social and economic limita¬ 
tions inherent, as we have seen, in a slave-owning plutocracy. 
The nail contribution of Cree k science was to be in the future, 
though it could be niad(‘ only in so far as the germinal elements 
of the classical culture could be preserved and transmitted. 
Fortunately, thougii classical civilization had not ilu^ power to 
save itself, it had enough y)restige to ensure that at least some 
of its acliievements could never be forgotten and could later 
become the basis for new growth. 

What had happened in tlie period of Hcdlenic and Roman 
power was a great spread of i ivilizalioii all the way from the 
Atlantic to the Hindu Kush. The prestige which the extent of 
the power and the culture of these great empires generated far 
outlasted their political sway. It served, even after its original 
impulse was spent, to spread over a fiir wider area the ideas, the 
methods, the styles, and the techniques of Helh'nisrn. In the 
East, Central Asia, China, and India all felt its influcmcc blend¬ 
ing with those of old native cultures; in the West the prestige of 
the lost learning served to tame the barbarians of liurope. 

Indeed, perhaps the most important salvage of the Classical 
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Age was the very idea of Natural Science. The belief persisted, 
as legends attest, that the Ancients through deep study had 
acquired a knowledge of Nature that enabled them to control it. 
Alexander, instructed by Aristotle^ had a submarine and could 
fly through the air in an eagle-powered chariot. Of the actual 
elements of classical culture, science, particularly astronomy and 
mathematics, ])roved in fact the most lasting. Because they 
were needed to chart the planets, if only for astrological pre¬ 
dictions, they had to be handed on and practised. Much of the 
other sciences was preserved in books, to be rediscovered at 
intervals by the Arabs and the Renaissance humanists. We 
shall never know how much was irretrievably lost, but certainly 
enough came through to guide and stir the thought and 
practice of later ages. So much, indeed, w^as rediscovered and 
imitated in the last 500 years that we have effectively incor¬ 
porated the classical world in our own civilization, and nowh(‘re 
more consciously or fiuilfully than in technology and science. 


Table i The Devetopmeni of Techniques and the Origins of Science 

(Chapters i», 3, and 4) 

This tahlf! shows ilic main tt ciinical developments from llie period of the first 
human societies to tlie beginning of the classical period about 600 b.c. I'he dates 
are given only to indic ate the beginning of thccharacteristic cultures of paheolithic, 
neolithic, bronze, and iron, at their main c:entres of c>rigin. Elsewhere they 
appear much later. Iti each period the arrangement is not chroiKdogical but 
merely a list of the most .signific ant features of tlie stage of culture. 

'J ABLE 'Z, - 'Techniques and Science in Classical Times 

\Ch,if>Ur 4) 

J liis tabh* covers the 1,100 y<‘ars of the dev('lo])nienl of rational science, pre¬ 
dominantly Hellenic, to bring out its relation to coiitempojary history and lech- 
nicjue. The period is divided into centuries and as far as room allows individual 
contributions are attributed to the centuiy in which they occur. No significance 
can be given to finer time intervals. 'I’he time-scale is uniform and tlie crowding 
ol' names in tlie Athenian and Hellenistic period brings out the great sc ientilie 
activity in those periods compared with the comparative sterility of tlur Roman 
period. 


Map I. — The Beginnings of Civilization 

I his map shows the major areas, with the exception of the Chinese plains, in 
which we have evidence of the origin of agriculture and the building of cities. Most 
of the area, ajiart from high mountains and deserts, consisted originally of open 
grass-covered plains where pastoral culture could take form; the flood plains and 
deltas of important rivers, which arc suggested as the first localities for cities; 
and the coastal areas opened up in the Iron Age. 'Lhe localities ol the principal 
cities of the Hi*o nze and Iron Ages are also indicated. 

I7I 






g.c J 

II Hiiti 


a - Site S 

“S'la i‘' 9 .-§ 

tuOS M « 


S I 

y "d 

li|:l||||l 


i it « O i 

I ii .n -d rt -5 

■SI |s-s^2 

•■* -S^ ti' - > X c "" 
A ,c 3 c ^ ' 0/ a 

UUGCucj UWPQ 


o .2 -Q o -. w 

?a ft S 


iS O 

, tfi-d” rtj'd 

k C o * ,,, G <2 

£ -XJ Is o w « o 
M ft 5 S 

•i!§o2i®a^« 

tiOO^ewGh-^cQ 


j 2 j® 

'd 

^.S a G 5 « 

&§•?: 

2 S 0-- 
o a-j! 


2-5 2 S ^ 
2^0^ 5 


5 I 0 £ 

S i2 d B 

c Si E 

35 i *< ** rt 

Q S'® 

H S G .. w 

< 0.” 

3 il Il 4 = 

0 *« C C 

o 

H e TJ O ^ 

§ c i; G ^ s 

S G <0 O O 

c/:rc DQ PQP^ 

. 


MU ” 3 . 

,G y |« g ^ 

E *^ 2 2 rt 5 

£} '-’TS^ ^ 

C O S 

C G 

« « -fc- S 

2 II 

i S (3 « 5 fS 


s; ot; 

g ft G 5 g 
£ S "* « “ 


I 'JJ’V 

j nriu.i'ioTivivj Jiiij, 


b V CS u So 

slug B S 
s»S“ 2^S 

w a ol o M 2 

im Hi 

<c/>Q PuChCh 
(I£ w^dmn) 
Tiav 

DiHxnoafj anx 


(8T-rf 

iiay 

azMoug anx 


S s I 

S “£S > 

■sSc'al -w I 

0* *2 cs ft ^ ^ 3 

5 Mate S S 

v. a y e « >*< 

te o_g rtte 

sof »S 

rd,a ^ G b 
U (3 CS d S 

.s it&S 

(C'i'-ri^ JOJCJBID) 

?iov 

NoMi Aiavji anx 


172 







i 

a 


w 

H 





(0 


^ c 

G 2 

<•2 £ 

^ 2 

c| 

co-o 

u 4^' 

2 0 

0 gj 

S CJ 

.2 s 

g 2 

- C G 
'/) G {4 

4) o-a 

III 

^ < 

cto 

CuS^<J 


s 4 

Q £ 

< o 

u G 

^ I 

^ I 

u 

<J 


- a 

O 3 
? !;l 

3 

111 

^i| 

•aal 


By 

(4 C 
4> 3 


3o 

V 

^.& 


1 


If 4 

Pi a 

I^.§ 1 | ’ 5 | 

”< 3 'S‘So |l 

lissl !: 

£ y wS 8 fi 0 j! «-t; 

sSfi |l ri| 

liil“ 

-Hg Sis.H 

lllli s| I I 

w h. « a ■-« w 

<<waj ^x> 


3 

Xi ^ 

% a 
fi ^ 

.a O' 

^ t>. 

3 

•d G > 

S 

53*^ 

vi-d 5 

is^,= iaisas 

V 5 fl,Uj SU4C/3 W<Cj 


•Si O 

. S O <« O, 
■n O.m'^3 S 

=i 5 ga 3 

S Mg e UG 
-TJ a 3 C S 

< ^.S-o of 

. *-(«'■-' 4> 

o-a ac 2 S 

§3 0'-|;s 


c 

I 

< 

‘^cS 

J-d 3 
*1 <y cr 

««§ 

2i2?8 


p« d 

£c3 

2 

c i: 

— o 

a,U 

S-o 

£ c <« 

tc " 

c rtSf 
”"'9 c 
0 <4 
.y G 

I 12 4 * -W •.“ 

a’2 -iS-S M 

« a d gs2jg 
'S.ag 

(0 (A 

c I 

o S 


&[ 


o 

if 

2 

O 

o 

’o 

c 


(9 

Q 

o 


I 


sc 




2i 

jjas 


•G '!> 

Sq 


O 

I 

6 

uUi 

•d 0 

S a 

rt f9 wK 

GS'*-! H k. 
> O §« 

w'st; 2 

g|r| 

ifil 

(iio(j'<: 


3 3 

L” 

A G 
u«, 


M O 

•S’O 


:s^>r 3 2 2 

R. G , 5 { 0 "aft 

h'O-w’d 5 +> 

00 so 


GiS 

03 

ft 2 


o S 

’d'2 

2 2 


il 

< >. 

O (4 

& 


G M 
^ O 
a"* 
O 


£ 

% 

s 


O' 

o 

•a 


§ of 

3 ^.2 

Q 


W V 
3 a 

2a 

<3 U 


o 

I 


>■ 

S 

•3 


••ii 

I I 


a : 

.2 ’ 

I 1 

X c 


.u 

al 2 

I"* € a 
0 o S 

i" .§ I 

S ‘C 

.20. .2 < 

II I 1 

^ rt U o 

•d c 4, ^ 2 

Od.S~ S 

'®'-s a H 9 

s-f el •§ 
•£|W| § 
uQ u u 


a : 

W I 

go o 

'S-dO 

cjg= 

^ u V 
o G G 

li! 

PQPSC 


c'O 


8 I I 8 I 

(S-i^dBqo) j(9>iO)| a*fr-<lBq3) j 


5s 8 

<»-« r>» 

(8’t •‘JCM.')) 


I i 


173 




174 



Part III 

SCIENCE IN THE AGE OF FAITH 


INTRODUCTION 

T he pc'riod covered by this section is a vast onCj ranging 
from the fading out of classical Grscco-Roman culture in 
the fifth century to the dawn of a new culture based on 
a new economic system and a new experimental science in the 
Renaissance. Nevcrtlieli^ss, for the objective of this book^ the 
historical process over these icn centuries has a dynamic unity. 
Throughout the whole period we arc seeing the dc'cay^ trans¬ 
mission, recovery , and the beginnings of the inner transformation 
of the body of techniques and beliefs that stem largely from the 
Hellenistic world. This holds not only for Europe but also for 
Asia^ where, except for China, where a still older tradition 
remained dominant, tcchnicjue and science had drawn deeply 
from the same source. The emergence of modern science is 
understandable only in terms of the Hellenistic world-picture 
epitomized in Plato and Aristotle. Throughout most of the 
period, indeed until well into the fifteenth century, the main 
intellectual task was one of recovering that picture and adapting 
it to the new, essentially feudal, economy that nearly everywhere 
accompanied the breakdown of that of slave-owning plutocracy. 
It was also necessary to adapt it to the cramping intellectual 
requirements of the dogmatic religion of Christianity, which 
had survived the breakdown of the old world and that of Islam, 
itself largely a product of that breakdown. 

That this was possible at all, and that no radically new 
world-picture was needed, is an indication that the economy of 
feudalism, technically and economically more fragmented and 
primitive than that which it replaced, did not have great need 
for radically new intellectual forms and accordingly could not 
develop them. What it could and did do was to introduce new 
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productive techniques which^ though on a smaller scale^ were 
far more widespread and closer to the people than were those of 
classical times. It was, as we shall show in Part V, this feature 
of later medieval life and the economic changes which accom¬ 
panied it that gave rise to the radical transformation of the 
sixteenth century which at the same time created modern science 
and capitalism. 

To explain the birth of modern science we need to know its 
antecedents, something of the long and very obscure period of 
preparation which led up to it^, somctliing of what it owes to the 
cultures of the classical and pre-classical civilizations as well as 
to those of Islam^ Persia, India^ and China. Most of all we 
need to know how it came about at all. What led to the 
appearance of the new science in the sixteenth century in Italy ? 
What made it flower so abundantly in the fhigland, France, and 
Holland of the seventeenth? Why had the same decisive steps 
not been taken in other cultures^ such as those of India and 
China, which seemed ready for them at different periods of 
their history? These questions and some attempt to answer 
them form the central theme of this section. In it will be found 
an assessment of the factors that contributed to the rise of 
modern science. The most important of these are shown to be 
the economic tendencies, which in increasing measure through¬ 
out the later Middle Ages put a premium on technical advance, 
particularly in the direction of labour-saving. These are the 
same tendencies that mark the transformation of the economic 
structure of feudalism into that of capitalism. Indeed the track in 
time and place of the growth of capitalism in Europe is the same 
as that taken by the development of science. It will be shown 
how, in the early stages, science followed the development of 
nascent capitalism and how gradually it came to influence that 
development itself. The general character of science over the 
whole period w^as dictated by the existing feudal conditions 
which limited it rather than by anticipation of a different social 
state which was still to come. 

The periods covered in Part III include that of the origins, 
the growth, the flowering and the decay of the feudal economy 
in northern Europe and the Mediterranean lands, together with 
the parallel but distinct developments in Asia, whose contri¬ 
bution to world culture was greatest of all in this time. They 
fall naturally into two very unequal parts. First, in Chapter 5, 
comes the transitional period of some 700 years, a.d. 450-1150, 

176 



SCIENCE IN THE AGE OF FAITH 

characterized in Europe by the salvage of a residue of classical 
techniques and science^ and by their continued development in 
Syria^ Egypt, Persia, India, and China, all under the impulse, 
direct or indirect, of Hellenistic culture. The results of all 
these were fused together towards the end of the period in 
Islamic culture, which, in its short but brilliant flowering, acted 
at once as the transmitter and stimulator of a new advance in 
science. 

The second period—that covered in Chapter 6, a.d. 1150 
1440—is a distinct one only to Europe. It begins in the field of 
science with the impact on a vigorous feudal society of the 
Islamic version of Hellenistic science, leading to the brilliant 
but unsustained movement of medieval scholasticism. It is also 
marked by a slow but accelerating movement of advance of 
techniques and scientific interests under conditions of an in¬ 
creasingly unstable feudalism. This advance in itself and in its 
economic conseciuences prepared the way for the next social 
form of capitalism in which modern science came into being, as 
will be told in Part IV. 
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Chapter 5 

SCIENCE IN THE TRANSITION TO 
FEUDALISM 

^a—the developments of civilization 

AFTER THE FALL OF THE ROMAN EMPIRE 

I N our traditional education attention has been so fixed 
on the history of the Roman Empire^ and particularly its 
western section_, that we are apt to think that a general 
destruction of civilization occurred from the third to the ninth 
centuries. In fact all that happened was that in the most 
lately and artificially civilized parts of the ancient world, 
Britain^ France, Spain, Morocco, and north Italy, a system of 
government by a class of wealthy slave-owning patricians and 
provincials collapsed and was gradually replaced by a much 
more widely based, though incoherent, feudal order. The 
barbarian invasions that accompanied this change were its 
result and not its cause. 

Meanwhile, over the rest of the Roman Empire, great cities 
such as Alexandria, Antioch, and Constantinople, survived un¬ 
damaged and orderly government, though increasingly restric¬ 
tive, was maintained. Well beyond the bounds of the Roman 
Empire, over the whole territory which since Alexander’s raid 
had fallen under Hellenistic influence, including Persia, India, 
and Central Asia, civilization continued to flourish and develop, 
but without the rigid economic, technical, artistic, and 
scientific limitations of late classical culture. The great periods 
of the Sassanian Empire in Persia (a.d. 226 -637), of the Guptas 
(a.d. 320-480) and Chalukyas (a.d. 550-750) in India, and 
of the less known kingdoms of the Chorasmians in Central 
Asia (a.d. 400-600), all fall in the interval between the third 
and the ninth centuries that we call the Dark Ages, as if, 
because little is known of what happened in a very partially 
civilized western Europe, a great darkness covered the whole 
earth. Further still, China under the Wei (a.d. 386-549) and 
T’ang (a.d. 618-906) dynasties was enjoying a period of un¬ 
excelled economic and cultural achievement.*^’^ 
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In their economic and political structure all these States 
had not departed as far from the pattern of the early bronze age 
civilizations^ which had existed in their territories^ as had the 
cultures of Hellenized and Romanized countries. They had 
never undergone the intense economic and political struggles 
arising out of a money economy and slavery, which had first 
made and then destroyed classical civilization. In other 
respects their cultures were very different from each other. 
Persia was still dominated by an old tribal nobility and the 
simple religion of Zoroaster was being restored to vigour by a 
reforming dynasty. India had already, by the sixth century, 
developed the complex religious and caste system which 
Buddhism had been powerless to check, while China was well 
set along the path charted by Confucius with the dominance of 
a highly educated country gentry, though its culture still 
preserved many features of primitive clan society expressed 
in the cult of ancestor worship. 

Though each culture followed its own pattern, they were at 
this period far more in contact with each other than before, 
particularly through the medium of trade. As a result of a 
wide market, though one limited to luxuries, manufacturing 
techniques improved, especially in weaving, pottery, and metal¬ 
work. The draw loom, irrigation machinery, and probably 
many of the key inventions in mechanics and navigation that 
were to transform Europe in the Middle Ages, arose in the East 
at that time. Art certainly flourished mightily, as the 
treasured objects of this period in our museums show. Although 
Hellenistic art was enthusiastically taken over as far as India 
and beyond, its cold ideal forms were rapidly transformed and 
given a new and sensuous life. 

Of science we know little outside India and China, but we 
can infer from their rapid later flowering under the protection, 
but not necessarily under the impetus, of Islam that it was as 
much cultivated in Persia and Central Asia. Greek influence is 
visible particularly in mathematics, astronomy, and medicine, 
but transplanted to a new medium it could grow in a way that 
it could no longer do in its own country. All these develop¬ 
ments were later to contribute to a common cultural advance, 
but they are not by themselves as important as the basic 
economic changes which accompanied them. 

The decline and fall of the Roman Empire marked a definitive 
era in the history of the whole of humanity. In its prime it had 
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been the largest State in the world. Its military and civil 
organization and its trade had reached the limits of size of any 
human community for many centuries to come. None of the 
States which took its place over its old territories ever managed 
to maintain such an organization for such a time over so large 
an area. Outside it the only comparable empire was that of 
China, and the character of Chinese State organization was 
very different from the classical one. As the Roman, pluto¬ 
cratic, slave economy disintegrated, for reasons already dis¬ 
cussed, it left behind it almost everywhere the seeds of a new 
decentralized economic and political system. 

There are marked resemblances but even greater differences 
between the immediate consequences of the Roman collapse 
and that of the old bronze age civilization 2,000 years before 
(p. g8). In both cases life took up again from a lower technical 
level, but in the later case the relative economic fall was even 
greater, at least in Europe. On the other hand, as we shall see, 
much more was salvaged of knowledge and culture. What 
disappeared, as in the earlier case, was everything dependent on 
large-scale operation, communications, long-range trade, water¬ 
works. What took the place of the Roman Empire was, how¬ 
ever, something quite different from the swarm of trading 
and ultimately democratic city states that marked the beginning 
of the Iron Age. 

The transition to feudalism 

Despite the continued existence of cities in the Eastern 
Empire the economy of the new order was everywhere essen¬ 
tially country based, the unit being the estate, villa, or manor 
worked by serfs, rather than chattel slaves, who were per¬ 
manently attached to the land with rights to compensation for 
their heavy duties. The estates were owned either by the 
descendants of the old city plutocracy, as happened mostly in 
the Eastern Empire, or by barbarian clan chiefs in territories 
occupied by Germans or Arabs. The economy of the country¬ 
side was essentially feudal both in the lands of the East, where 
the owners at first lived largely in the towns, and in the West 
with its poorer communications where they lived on their estates. 

In most cases the peasants, coloni, serfs, rayats^ remained in 
possession of the land and tools, but were forced to yield part 
of the produce or labour to their lords in the form of rent, 
taxes, or feudal service. The standards of land use reverted in 
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the West to a subsistence economy, but one on a higher tech¬ 
nical level than that of the Iron Age. In the East a larger 
surplus always remained for trade. Tiie transformation to 
feudalism naturally did not occur all at once, it took several 
hundred years, nor did it proceed at the same speed in different 
places. Before feudalism reached its full extent it had already 
begun to decay at the centre. Nor was it limited to the areas 
of the old Greek or Roman Empires. As the predominant 
economic mode it spread as new land was opened to cultivation 
in Europe and Asia. 

5.2—r//£ AGE OF FAITHS 

The conditions of feudal production reduced the demand for 
useful science to a minimum. It was not to increase again till 
trade and navigation created new needs in the later Middle 
Ages. Intellectual effort was to go in other directions and 
largely in the service of a radically new feature of civilization— 
organized religious faiths. 

The advent of organized religious faiths as a dominant 
political and social force, which occurred in the earlier centuries 
of our era, was a development by no means limited to Chris¬ 
tianity. It was a world-wide phenomenon, showing many 
similar features in widely different regions, and indicating that it 
arose from a common need by virtue of common possibilities. 
Between the third and the seventh century a.d. we find the rise 
to power and influence of Christianity, of Islam, and of* 
Buddhism in China and south-east Asia. Buddhism in India 
and Zoroastrianism in Persia were, it is true, founded as 
religions some seven centuries earlier, but it was in this period 
that their doctrines were fixed and their priesthoods organized. 
This was also when even the most multiform and unorganized 
religion, Hinduism, which was replacing Buddhism in India, 
established and codified its sacred books. 

It would seem as if, for the first time in human history, there 
was the need for religions based on a fixed system of beliefs 
together with the means of establishing them. A clue to the 
explanation of the latter condition is given by some of the 
characters of organized religion, which in various degrees are 
found in all, or nearly all, of them. They are a hierarchic priest¬ 
hood, fixed rituals, and as a test and rallying point a creed 
involving belief in an order of the universe, embodied in 
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sacred books. In addition there are auxiliary features which are 
more variable—the appearance of devotees—either singly as 
hermits^ fakirs, yogis, or in bodies as monks, lamas, or dervishes 
—given over to asceticism, begging, preaching, or occasionally 
working. Certain of these practices are far earlier than 
organized religion, and indeed arc found in the most primitive 
communities, but they took on a new aspect in relation to 
advanced city life. Hermits and monks represent the religious 
side of the flight from the oppressive and sinful cities in the period 
of their decay, the secular side being the retirement of the wealthy 
to their country estates to evade the imperial tax collectors.^- 

The central feature of the new, organized religions is the 
social coherence of the Church and the creed it defines and 
imposes. It lies in common ritual and common philosophic 
beliefs. The hict that these religions are all, in Mohammed’s 
phrase, “ peoples of the book,” shows that they imply a certain 
degree of literary culture in a numerous if restricted class. The 
fact that the ritual and ministrations of the Church arc ex¬ 
tended to all the people shows that at the same time the 
priesthood aim at securing a universal or catholic assent. The 
new religions were indeed, once they had outgrown their 
formative revolutionary phases, essential stabilizing organiza¬ 
tions. They aimed, often unconsciously but sometimes con¬ 
sciously, at making the social order generally acceptable by 
showing it to be an integral part of an unchangeable universe 
(p. 717). At the same time the introduction of gods, myths, 
and visions of a future life provide distractions and a celestial 
balance to the injustice of this world. 

Early Christianity 

These features are particularly evident in the history of early 
Christianity. A knowledge of this history is of unique import¬ 
ance to the understanding of science, for it was within the 
framework of Christianity, except for a brief period under 
Islam, that modern science grew to maturity. Christianity 
arose out of the distress and aspirations of the common peoples 
of the Roman Empire (p. 167). It is no accident that it first 
appeared among the Jews, who were, if not the most oppressed, 
certainly the most rebellious of the subject peoples. Jesus 
himself, as a hoped-for Messiah, was taken for a revolutionary 
and suffered a revolutionary’s fate. The early Christian com¬ 
munities were themselves, or were closely modelled on, those of 
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the Essenes.^’^® These had been formed as closed^ econo¬ 
mically self-supporting^ communist groups of Jews who rejected 
both the compromises with wealth and foreign customs, into 
which the originally revolutionary Maccabees had been be¬ 
trayed (p. 109), and the ritual particularism of the Pharisees. 

This association with the Jewish democratic tradition and 
especially with the rejection of any compromise with the powers 
of this world assured early Christianity of popular support 
which was only reinforced by official persecution. The popular 
appeal of Christianity was at its greatest in its first two centuries, 
just at the time when the Empire seemed most safe and glorious 
to the wealthy and cultured citizens. It was then that Roman 
rule bore most hardly on the common man and the slave. 
For them there was no hope in this w^orld and little reason to 
dread its fiery end. Christianity was able to spread far more 
widely than Judaism because it shook itself free from the tribal 
particularism of Judaism while preserving all of its popular 
appeal. It was something far more than just another mystery 
religion such as Mithraism, which also flourished mightily in 
that disturbed time. Christianity furnished an all-inclusive 
organization that, however outwardly submissive, was absolutely 
determined to have no part in the oppressive and sinful classical 
civilization. Inevitably it became a political movement, repre¬ 
senting at the outset the aspirations of the oppressed lower 
classes in the great cities and a national reaction of the oriental 
peoples against dominant, upper-class Hellenism. 

Christianity did not, however, long remain confined to the 
lower classes, and little by little, as it came to include more 
and more cultured proselytes, many of the ideas of the classical 
world crept into its teaching. Some were much more easily 
assimilable than others; in particular. Platonism and, even 
more, its half-Christianized oflf-shoot. Neoplatonism, which 
was so useful in emphasizing the “ other worldliness ” of 
religion. The two aspects—the popular revolutionary apo¬ 
calyptic aspect of religion, with its vision of a Last Judgment 
and a Kingdom of God in our time; and the other-worldly 
spiritual attitude, very much more favoured by the upper 
classes—have run through the whole of Christian history to this 

day.2.42a 

It would be wrong now, however excusable in Gibbon’s day, 
to hold Christianity, as such, to blame for the economic or 
cultural collapse of classical civilization. The causes of this, 
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as has been shown earlier^ were intrinsic. The Church, which 
was to play the dominant role in the subsequent Dark and 
Middle Ages, must, however, be held responsible for the 
chai'acter of the culture that it installed in its place. The 
Church was the one coherent institution of the late classical 
world that had survived the troubles of the fall of the Empire in 
the West. It had also, long before that fall was complete, 
penetrated far beyond the ancient bounds of the Empire to 
cover much of Europe from Ireland to the Caucasus and had 
spread widely into Asia. To an extent unparalleled since the 
days of ancient Egypt, culture and even literacy were confined 
to the clergy. The Church, in addition to its spiritual functions, 
provided for education, administration, and, in the early Middle 
Ages, for law and medicine as well. 

Ecclesiastical organization 

It was no accident that the Church survived the Empire; it 
had far more solid political and economic foundations. 
Beginning as a virtually revolutionary movement—true, with 
an other-worldly objective, but nevertheless openly antagonistic 
to civil administration—it early acquired in self-protection a 
close organization, part agitational, part economic. This 
organization at first through its elders— presbuteroi, priests—and 
their servants— diaconoiy deacons, deans— kept in personal touch 
with every individual Christian and could count on his support 
in a way no imperial official could hope to do. Later in the 
second century, as the Church grew in numbers, higher 
organization was necessary to ensure that doctrinal and personal 
quarrels did not split it into innumerable fragments. A 
parallel organization to the State was built up, often using the 
same terms such as ecclesia —eglise—church, basilica —royal 
palace, and diocese. Inspectors— episcopoiy bishops—were or¬ 

dained, and later the most important of these became the great 
patriarchs of Jerusalem, Rome, Constantinople, Alexandria, and 
Antioch. Centuries passed before the bishop of Rome claimed 
the primacy as the Holy Father, the Pope, God’s vicar on 
earth, the Pontifex Maximus or Chief Bridge-builder—once 
merely across the Tiber, but now between heaven and carth.^-^*^ 
By the third century the Christian Church, though it still 
included only a small minority of the population, was the most 
powerful, widespread, and influential political organization in 
the Empire. Desperate persecutions failed to break it. By the 
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fourth century it became clear that the only way to save tlic 
Empire was to take the Church over, and Constantine, long 
before he became a Christian, took this final step in 312 a.d. 

The end of paganism 

Once the Church was in power, and disposing at the same time 
of patronage and punishments, the pagans, at least in the towns, 
were soon won over. There was, in any case, little resistance. 
The worship of the Olympians was by then not very serious and 
had only a snob value. As for philosophy, almost every school 
could be found in Christianity itself. What the Church could 
still not tolerate was any philosophy officially independent of 
Christian revelation. But it did not, however, usually suppress 
it directly. The murder of the mathematician Hypatia was 
not policy, but monastic zeal getting out of hand. More 
typical of the end of classical science was the closing of the 
schools of Athens by the great Christian emperor, Justinian, in 
A.D. 529. Th(‘ last of the professors were allowed to go to the 
new university of the Persian emperor Chosroes, at Jundi- 
shapur (p. 188). I’hcy found this atmosphere too strange and 
the Emperor sent them back with a treaty stipulation that they 
should not be molested. 

More significant for the future was the conversion to Chris¬ 
tianity of the philosopher now known as John Philoponos 
(//. A.D. 530), which occurred about the same time. The con¬ 
version was whole-hearted; on going over he joined a kind of 
Christian Action party in Alexandria, the “ Philopocnes ’’ or 
“ trouble lovers,” mainly occupied in “ fighting against pagan 
professors and from time to time attacking the last temples 
of the Egyptian gods.” In the end he went too far and 
became a hyper-trinitarian, a tritheist heretic. In his rejection 
of pagan philosophy , Philoponos even had the temerity to deny 
Aristotle’s theory of motion and founded the doctrine of 

impetus ” which, after attracting some support from the 
Arabs and schoolmen (p. 221), was in the hands of Galileo 
to lead to the emergence of modern dynamics (p. 293). 

r^.^~DOGMA AND SCIENCE 

The triumph of Christianity efTcctively meant that from the 
fourth century onwards in the West, and up to the rise of Islam 
in the East as well, all intellectual life, including science, was 
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inevitably expressed in terms of Christian dogma and, in¬ 
creasingly as time went on, was confined to churchmen. 
Between the fourth and the seventh centuries the history of 
thought o\'er the area of the vanishing Roman Empire is the 
history of Christian thought. 

In the early days of Christianity, science and learning had 
been associated with the hated pagan upper classes and looked 
upon with suspicion. But this attitude did not last. The 
human message of Jesus could hardly suffice the Church once it 
aspired to cultural pre-eminence. As the Gospel of St John 
shows, with its cult of the divine word—the logos-mystical- ■ 
Platonism was already at work in the foundations and indeed, 
in a more diluted form, it is already evident in the message of 
St Paul. 2 - 42 a 

Orthodoxy and heresy 

The fathers of the Church, particularly Origen {c, 185 -253), 
a schoolfellow of Plotinus the founder of Neoplatonism, set 
about to incorporate the safer parts of ancient philosophy 
into Christian dogma. Much of it had already found its place 
there unconsciously. The task was nevertheless difficult, partly 
owing to the very different philosophy which underlies the 
Old Testament (p. 109). Inevitably it led to controversies in 
which each side claimed to be orthodox and accused the other 
of heresy. The great disputes and heresies of the fourth and 
fifth centuries which split Eastern Christianity, those of the 
Arians, the Ncstorians, and the Monophysites, were laigely on 
points of interpretation of Neoplatonist ideas of the nature of 
the soul and its relation to corruptible or incorruptible bodies. 

These disputes were nominally settled by Councils of Bishops, 
implying a basic democracy in the Church, but usually the 
decision went in favour of the side that could win over the 
Emperor. The great Arian heresy of the fourth century on the 
nature of the Godhead was settled in this way at the Council 
of Nicaea in 325. There Athanasius imposed his implacable 
Trinitarian creed. Its triumph was not assured, however, until 
almost two centuries later when Justinian had defeated the 
Arian Goths. 

By the fifth century a compromise between faith and philo¬ 
sophy was worked out by St Augustine (354 -430), who pro¬ 
duced a kind of composite between scriptural tradition and 
Platonism, with a strong flavour of predestination, derived 
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from his Manichean experience (p. 192)^ which was to dog 
Christianity and particularly Puritanism ever afterwards. 
This included the essentially Zoroastrian idea of the cosmic 
conflict of good and evil (Ormuzd and Ariman) with its 
associated ideas of the Devil and Hell-fire. The Augustinian 
compromise did not last; heresy followed heresy^ and the 
work of suppressing them had to be done all over again in the 
Middle Ages (p. 215)^ and ultimately failed altogether in the 
Reformation. 

The philosophi(‘s on w^hich theology was based^ though subject 
to dispute, were all readily assimilable to an other-worldly 
religion, while the sciences of observation and experiment were 
not. In the first place these were plainly unnecessary to 
salvation, in the second, by the mere dependence on the senses, 
they depreciatc^d the value of revelation. The overcoming of 
this attitude was to be the work of many centuries, and was only 
to be achieved in an economic and social atmosphere very 
different from that of tlie decaying Roman Empire. 

In all these religious disputes natural science was a certain 
casualty. Classical philosophy, especially in its latter days, was 
absurd enough. The Old and iSVw Testaments were never 
intended as interpretations of Nature. They contain moreover 
mythical and philosophical interpretations of all ages from the 
most ancient Babylonian onwards, and are therefore intrinsically 
seff'-contradictory.--'^^** To attempt to combine philosophy and 
scripture is a task defying all reason, and fatal to any clear 
understanding of Nature. Faith and reason cannot be recon¬ 
ciled without allegorizing the one or distorting the other—in 
either case discouraging honest thinking. 

It is fashionable in these days to praise the Church for pre¬ 
serving the science of anticjuity down to our times. The 
survival of science, as will be shown, has been due rather to its 
success, where faith failed, in coping with the real world. 11 has 
survived in spite and not because of the centuries of effort to 
make it square with out-dated and contradictory beliefs. As 
we shall see in case after case right down to the controversy on 
Darwinian evolution (p. 483), the acceptance of obvious solu¬ 
tions has been held up for scores of years because they could not 
be made to square with Genesis. To say this is not in any way 
to blame the Church or the clerics, who in their time did their 
best according to their lights, but only those who today ought 
to know better. If science advanced slowly in Christendom 
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until the time of the Renaissance it was primarily not because of 
the Churchy but because of the economic conditions that main¬ 
tained it so long in its obscurantist role. Under feudal con¬ 
ditions advance could not have been faster. 

5.4—THE REACTIOjY TO HELLENISM 
Science in Syria and Eg^'pt 

The Arian heresy was followed by many others. Two of 
these^ however, those of the Nestorians and Monophysites, arc 
of particular importance because they gave a decisive impetus 
to a national anti-Hellenic movement in Egypt and Syria, 
because they helped science to spread throughout Asia, and 
because they paved the way for the triumph of Islam. Once 
Christianity had become the official religion of the Empire, 
latent national or regional independence movements were 
bound to rally round heresies. What the heresies were is not 
now a matter of great moment. In a.d. 428 the Syrian monk 
Nestor maintained that Mary should not be called the mother of 
God, as she was only the mother of the human and not of the 
divine nature of Jesus. He was condemned at the Council of 
Ephesus (a.d. 431) and thousands of Syrian clerics, monks, 
and laymen faced persecution in his support. In doing so they 
defied the hated Byzantine government, and asserted their 
dormant Syrian nationalism against the Greek officials and 
upper class. The persecution was too cfTective to bt! resisted 
within the bounds of the Empire—and many Nestorians 
crossed the boundary into Persia, where a vigorous culture was 
being promoted by the Sassanian kings. Despite the official 
Zoroastrianism, they were well received on account of their 
medical and astronomical knowledge, and were established 
near the King’s court at Jundishapur, where they built a 
famous observatory. Nestorian monks penetrated the whole of 
Persia, made converts, and set up churches as far away as China. 

Sixteen years later Eutyches of Alexandria (378-454), in his 
desire to avoid Nestorian heresy, went so far as to declare 
Christ’s human and divine nature to be one and the same. 
This one-nature—Mono-physile- heresy was duly condemned 
by the Council of Chalccdon (a.d. 451) under imperial pres¬ 
sure. Virtually the whole of the Egyptian clergy and many in 
Syria and Asia Minor defied the ban. Christians in Egypt and 
Abyssinia remain Monophysite to this day. 
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Persecuted Monophysites fled to Persia and quarrelled with 
Nestorians there. They too shook the dust of Hellenism off 
their feet and built up a vernacular Syrian science for theo¬ 
logical purposes. This involved translating major Greek 
philosophic works into Syriac and thus starting the first inde¬ 
pendent national offshoot of Greek science.®*These develop¬ 
ments coincided with a vigorous economic upsurge in Syria 
which carried Syrian merchants, as successful rivals to the 
Greeks, all over the Mediterranean, and as far as Britain as well 
as over large parts of Asia. 


The flowering of Indian culture 

For the 500 years that followed the collapse of Rome the 
centre of science was shifted to the east of the Euphrates. The 
fifth, sixth, and seventh centuries were an age of great cultural 
advance not only in Persia and Syria but also in India. Under 
the protection of the vigorous dynasties of the Chalukyas and 
Ghandellas, an cITctc Buddhism was replaced by a renaissance 
of Hinduism, to which the magnificent temples of Elephanta 
and Ellora bear witness. There was also, and this is of the 
greatest importance for the whole world, a new development of 
science, particularly mathematics and astronomy, associated 
witli the names of the two Aryabhatas and Virahamihira in the 
fifth century, and vvitli Brahmagupta in the seventh. The 
basis here was Hellenistic science with some additions directly 
from Babylonia.®*®® 

Hindu numbers: the zero 

A decisive new development was made there about this time: 
the perfection of a number system with place notation and a zero— 
our modern so-called Arabic numerals, which made computation 
something any child could learn. It is significant that its first 
mention in the West was in 662 by S(*vcrus Sebockt, a Mono- 
physitc bishop in Syria. Another Syrian, Job of Edessa 
{c, 800), in a very fanciful style, after equating the nine digits 
with the nine choirs of angels (p. 227), explained the reason for 
the roundness of the zero in these terms: ®*®® 

The movement of numbering is completed in a kind of 
cycle. It is for this reason that the Ancients invented, as a 
first sign for this number (ten), the (empty) space between 
the forefinger and the thumb, formed in a circular way. 
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Indeed when the numbers which we have with us reach a 
denary state they stop, and then turn back and mount up 
indefinitely. 

Elements of Hellenistic culture, including science as well as art, 
penetrated in this period with Buddhism to China and even to 
Japan. There they blended with a still evolving old Chinese 
culture, whose contribution to the main stream of technology 
and science was, however, to come somewhat later (pp. 230 ff.). 

The culture of Byzantium 

Taken all in all, the sixth and seventh centuries, far from 
being the darkest of the Dark Ages, were a period of a growing 
world-wade civilization in which the heritage of Greece waas 
everywdierc engendering new^ beauty and new^ thought. This 
holds with limitations even for the surviving, and by then almost 
completely Greek, Eastern Empire of Constantinople. There, 
under emperors like Justinian (r. 482-563), there waas a great 
revival in arts and techniques, as witness the mosaics and 
architecture of St Sophia. But although the tradition of Greek 
philosophy and science w^as preserved in tlie Byzantine culture, 
it lacked the power of grow th. This w as in part due to clerical 
obscurantism —it was in response to it that Justinian had 
closed the schools of Athens—but far more to the fact that the 
Greek tradition on its home ground was dead. It w^as old stuff, 
respected but not exciting, and it bore no relation to the 
current realities of monastic rivalries, palace intrigues, and the 
chariot races in the hippodrome. 

The transmission of classical culture 
The breakdown of classical civilization, like that of the 
old river civilizations 2,000 years before, was by no means 
an unmitigated disaster to science. The new^ civilization that 
gradually replaced it escaped some of the limitations which had 
previously choked the progress that had started so hopefully in 
early Greek times. The two transitions, however, differ in one 
very important factor. Whereas there was little conscious con¬ 
tinuity and no feeling of parentage or respect between the 
culture of the early civilizations and that of Greece, there was 
between classical culture and that of Syria, of Islam, of 
medieval, and still more of Renaissance Europe a continuity 
based on written documents and a strong feeling of being the 
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heirs of the Ancients. The main thread of tradition had indeed 
never been lost; throughout the Middle Ages^ Muslim and 
Christian alike had access to the works of many of the major 
thinkers of classical times. These works^ as well as many 
others, were made available to a far wider audience in the 
Renaissance through the medium of printing. 

It would be a mistake, natural enough in the time of the 
Renaissance but unpardonable now, to assume that all that 
happened then was the taking up again of classical culture 
where it left off, or even where it was at its best. What hap¬ 
pened was something different and far more important. The 
civilizations that took over the classical heritage of science had a 
hard task to prevent themselves from being stifled by it. We 
have seen in the last chapter the low state of activity into which 
it had fallen even in the East. There was still, however, the 
vast store of knowledge to be found in books available to any 
with tlu* desire or skill to read them. The Syrians and Arabs, 
and after them the medieval schoolmen and the humanists of 
the Renaissance, had to trace that store step by step back to its 
Greek originals, resisting as well as they could the temptation 
to accept what they cHd not understand as the holy and 
mysterious knowledge of the Ancients. That they managed to 
absorb and transform it at all was by virtue of their own 
vigorous cultural developments. The very rediscovery of the 
works of the Ancients w^as the effect, far more than the cause, 
of the spurts of intellectual activity that characterized the 
beginning of Islamic science in the ninth century, of medieval 
science in the twT'lfth, and of Renaissance science in the fifteenth 
century. 

These advances were the easier because at each stage the 
new knowledge covered a much wider field of interest than the 
old. Late classical culture was limited both socially and 
geographically. Socially it had become an almost exclusively 
upper-class preserve and was consequently abstract and 
literary, for ingrained intellectual snobbery had barred the 
learned from access to the enormous wealth of practical know¬ 
ledge that was locked in the traditions of almost illiterate crafts¬ 
men. One of the greatest achievements of the new movement 
which culminated in the Renaissance was to raise the dignity 
of the crafts and to break down the barriers between them and 
the learned world. 

The geographical range of classical culture had largely been 
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limited to the countries of the Mediterranean and the Near East, 
Its very completeness formed a barrier to the use of the common 
stock of techniques and ideas of the other ancient cultures of 
India and China. With the breakdown of the Roman Empire 
the way was open to much wider exchanges and influence, 

^.^—MOHAMMED AND THE RISE OF ISLAM 

To these negative factors of release there was soon to be 
added another—the abrupt appearance and rapid spread of a 
new world religion. The barriers of language^ religion, and 
government that up to the seventh century had limited each 
culture to its own region were suddenly swept away over nearly 
the whole area of the ancient civilizations, stretching all the 
way from the Indus to the Atlantic. The advent of Islam, 
though determined in its particular form by the personal 
character of Mohammed, was by no means an inexplicable or 
even entirely unique ])hcnomcnon. The decay of the power of 
the Roman Empire did not affect its prestige, which long sur¬ 
vived it, still less the influence of the popular religion of Chris¬ 
tianity which gradually came to dominate it, and which spread 
further than that of its Church and creed. Nevertheless, 
unlike northern Emrope, where no other culture had been 
known and where Roman power had long since lost its terrors, 
the peoples on the eastern fringe of the Empire w(*re reluctant 
to adopt Christianity as too identified with an alien, hostile, or 
oppressive government. At the same time neither the official 
Zoroastrianism of Persia nor the local gods of Arabian and 
African tribes could compete with the intellectually coherent 
and emotionally stirring content of Christianity. The w^ay w^as 
open for the formation of new .synthetic prophetic religions, 
popularly based, and incorporating as much of Christianity as 
could easily be acceptable without submitting to its Church or 
accepting its doctrine. 

The first of these attempts, the mission of Mani in the third 
century, had a lasting but limited success. Mani claimed to be 
the third and final prophet following Zoroaster and Christ, 
and carried a message of eternal salvation for the predestined 
elect and consolation in this life for the faithful who ministered 
to them. Mani was martyred in c. 276 and his followers per¬ 
secuted in Persia, but their influence spread as far as China in the 
East and Provence in the West, and .some of their doctrines, 
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especially that of predestination, entering Christianity through 
their most eminent convert St Augustine, were to reappear 
again in Calvinism (p. 260), 

The mission of Mohammed between 622 and 632, arising 
among the already vigorous and expansive Arabs, who only 
had to face the weakened and divided Roman and Persian 
Empires, had a greater promise of success. It still remains an 
almost incredible achievement for one man. Mohammed 
swept away the old tribal gods and replaced them by one God, 
Allah. Islam made a brotherly appeal to all men, it had a 
simple but exacting personal ritual, a theology reduced to bare 
monotheism, and it gave a sure hope of a realistic paradise for 
the believer. All this was conveyed in a poetic book, the 
Koran, which was not only an inspiration but a manual of 
ritual, morals, and law. It commanded then and still com¬ 
mands the devotion of poor and rich alike. 

There was in Islam no church or priests, only the need for a 
court—Musjid (Mosque)—for common prayers and for readers 
of the Koran— imam —who were at the same time preachers 
and expounders of the law. Islam was from the beginning a 
literate religion. The Koran is still the common text-book for 
all Muslim peoples. The Caliph was the revered successor of 
the Prophet, at first also a civil ruler, but the strength of the 
religion did not lie in authority, but in the widespread religious 
community of the faithful. The political evolution of the early 
religious kingdom followed at first the late Roman or Byzantine 
pattern of a wealthy and luxurious court, torn by intrigue and 
depending increasingly on a praetorian guard of foreign, usually 
Turkish, slaves. This led to a break-up of Islam after its first 
two centuries into more and more feudal principalities, which 
were to be an easy prey to the nomads of the great plains and 
even to ill-organized and quarrelsonK' Crusaders. The religion 
of Islam, on the other hand, was solidly based in the people and 
was to outlast all misrule and conquest. Even as Christianity 
did in the North, it was to convert its conquerors, and was to be 
spread over a large part of Asia and Africa and to maintain a 
coherent culture which, though not progressive, has persisted 
to our day. 

The rise of Islam was abrupt. Within five years of the death 
of Mohammed in 632 the armies of his followers had decisively 
defeated both the Roman and Persian armies. After that there 
was for many years to be no force that could resist them. By 
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the eighth century they had extended their conquests from 
Central Asia to Spain. The Roman dominions in Africa and 
Asia^ with the important exception of Asia Minor^, were in their 
hands as well as the whole empire of Persia, stretching right 
over Central Asia and into India. From that time on most of 
this vast area was to have a common culture^ a common 
religion^ and a common literary language. For some centuries 
it was to have a common govTinment and free trade. For even 
longer religion and the pilgrimage ensured free passage from 
Morocco to China of scholars and poets. 

The Arab Renaissance 

The immediate cHect was a great stimulus to ( ulture and 
science. The Arabs were no strangers to civilization. They 
had their own cities and had fulfilled an essential function in 
organizing the eastern trade of the Roman Empire. The ease 
of their conquest shcAved that all they did was to take over the 
urban civilization of the Mediterranean with the elfcetive 
consent of the inhabitants. By that time few of these wc'rc 
prepared to fight to keep up an imperial government which did 
little but impose heavier and heavier taxation for increasingly 
inclfcctive services. The fact that Christianity was now the 
official religion hindered rather than helped the resistance 
of the populations of the Asian and African parts of the 
Empire^ who were largt‘ly hcrc'tics and were safer from perse¬ 
cution under the Muslim Caliphs than under the orthodox 
emperor. 

The Arabs, apart from securing for themselves the revenues 
of magnates and officials^ were not in the least inclined to inter¬ 
fere with the local or city economy. The whole of the admini¬ 
stration of the Omayyad Caliphate of Damascus was carried 
out by Greek officials in Greek. There was accordingly no 
specifically Islamic economic system. It was simply a late 
classical urban economy with the military command reserved, 
at first, for pure-blooded Arabs, but later falling, as in Rome, 
into the hands of any effective adventurer. Slavery did not 
disappear but, for lack of supplies of slaves, it was largely 
reduced to domestic service. Where there was gang slavery 
there were mass revolts, and that of the negro Zanjs from the 
saltpetre works of the Persian Gulf proved as formidable as the 
Spartacists of Roman times. The land was tilled by heavily 
taxed rayats, virtually serfs. These also often rebelled. One 
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such rebellion^ that of the communist Karmatians^ maintained 
itself for over loo years. 

With reviving trade, merchants became relatively more 
important than in late classical times. Indeed the unity of 
Islam greatly helped trade by restoring the wide sphere that the 
Roman Empire had lost in the troubles of its latter years, and at 
the same time by extending and decentralizing it. In the whole 
area of the Moslem conquest, from Cordoba to Bukhara, there 
was no one centre which, like Rome, dominated and sucked in 
the economy of the Empire. Mecca was always a religious, not 
a political, economic, or cultural centre. Instead, not only did 
old cities, such as Alexandria, Antioch, and Damascus, take on a 
new lease of life, but also new^ cities on the same model appeared 
everywhere, particularly the great new capitals of Cairo, 
Baghdad, and Cordoba. All these cities were in constant 
communication with each other, and their varied products 
formed a basis both for trade and technical improvement. 

I'urther, the cities of Islam were not isolated from the rest of 
the eastern world, as had b(‘en those of the Roman Empire. 
Islam became the focal point ol'Asian and European knowledge. 
As a result there came into the common pool a new series of 
inventions quite unknown and inaccessible to Greek and 
Roman technology. Tlicse included such manufactures as 
steel, silk, paper, and porcelain. In turn these formed the 
basis for further advances, which were able to stimulate the 
West to its great technical and scientific revolution of the 
seventeenth and eighteenth centuries. 

The revival o f classical science 

On the intellectual side also there was very little break in con¬ 
tinuity. The religion of Islam had at the outset, though not 
later, far less cramping effects on human thought than that of 
Christianity. By the time it appeared there was no danger to 
faith in paganism or philosophy. After the turbulent century of 
conquest even the leaders of Islam sought avidly for the old 
knowledge of the Greeks, and as much of their other culture as 
the Koran would allow them. 

This impact of foreign influences coincided with the fall of 
the Omayyad dynasty of Damascus and the advent to power 
in A.D. 749 of the Abbasids, Mdio, though not themselves Persian, 
depended on Persian support and liberated the traditional 
learning and science of that ancient and cultured people. 
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Learned Persians, JCWS3 Greeks, Syrians, and a few from farther 
lands met in the new capital of Baghdad. It was there and in 
Jundishapur that began the translation into Arabic of the 
main books of Greek science.®--'^ These translations were made 
eitlicr directly from the Greek or, more often, from the Syriac, 
and the work was subsidized from the start by the Caliphs and 
notables. Caliph al-Mamiin actually founded a bureau of 
translation, Dar el Hikhma, where the great scholars Hunain 
ibn Ishaac and Thabit ibn Khurra produced Arabic texts of 
most of Aristotle and Ptolemy. They also translated many 
Persian and Indian books, but these were not further translated 
into Latin and were thus lost to the West. 

The books that ^vcre translated were nearly all of science 
and philosophy because, naturally enough, the Arabs had no 
particular interest in the history of the Greeks. As for Greek 
drama and poetry, this had relatively little to give to a people 
who luid a rich source of legend and a living poetry themselves. 
It was largely as the result of this concentration of interest that 
when in turn Islamic knowledge came to be transmitted to the 
West, it was at first limited to science and philosophy. The 
humanities were for the most part rediscovered directly from 
the Greek and liatin authors only in the Renaissance. The fact 
that the sciences and the humanities entered modern cultuix' by 
such different channels is an important factor in the develop¬ 
ment of science, and has had much to do with setting up the 
barrier between science and the humanities that persists to the 
present day. 


5.G-/SX/1M7C SCIENCE 

It is difficult to estimate the value of the actual contributions 
to this fund of learning that were provided by Islamic scholars 
themselves. Certainly the learning of the Greeks was brought 
to life again and not merely transmitted without change. In 
fact it was subjected to a process similar to that undergone by 
the learning of the ancient East in the hands of the Greeks, 
though in this case the affiliation was far more direct and 
acknowledged. Because the Islamic scholars had no emotional 
identification with the old legends of the Greeks, they ap¬ 
proached Greek learning with a much more detached attitude 
than the Greeks themselves were able to do. On reading 
Islamic scientific works one is struck by a rationality of treat- 
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ment that we associate with modern science. On the other 
hand the Muslims were equally^ if not moj c, attracted to 
the mystical aspects of late classical philosophy, particularly 
Neoplatonism, which they at first were unable to distinguish 
from Aristotle, owing to the incorporation in his works of 
such forgeries as The Theology of Aristotle and The Secret of 
Secrets, Much of this mystical confusion was passed on through 
them to the medieval schoolmen. Another misfortune that 
was to dog not only Islamic but medieval science was the 
exaggerated respect that was paid to the works of the Grec^ks, 
and particularly to Plato and Aristotle. The fusion of the 
number magic of Plato with the quality hierarchy of Aristotle 
was a multiplication of nonsense from which Islamic science was 
never able to shake itself free. It is, however, interesting to 
notice that, though the two great mystifications of early science, 
astrology and alchemy, were also pursued by the Arabs, the 
greatest figures of Islamic science such as al-Kindi, Rhazes, and 
Avicenna explicitly repudiated the extravagant claims of these 
pseudo-sciences. 

The social position of the scientists in early Islamic culture 
was not essentially dilferent from what it had been in late 
classical times. With the coming of the Abbasid dynasty tliere 
was a short period between 754 and 861 under tlie Caliphs— 
al-Mansur, Haroun-al-Raschid, al-Mamun, and even und(‘r 
the devout al-Mutawahkil --w^hen science was encouraged on a 
scale unccjuallcd since the early days of the Museum al 
Alexandria. The Omayyad Caliphs at Cordoba (a.d. 928- 
1031) and the petty Emirs who succeeded them in Spain and 
Morocco, w'crc no less attentive, and (^ven in the decay of Moslem 
culture ambitious princes such as Saladin , Mahmud of Ghazni, 
and Ulugh Beg of Samarkand prided themselves on en¬ 
couraging science. In addition, rich merchants and officials, 
such as the Persian family of the Barmecides {c, 750-803) and 
the three brothers Musa (r. 850), supported scientists and some 
were themselves interested in science. This secular and com¬ 
mercial background to Islamic science, however, marked it off 
sharply from that of medieval Christendom, which was almost 
exclusively clerical (p. 222). It resembled far more that of the 
Renaissance. It was this courtly and wealthy patronage that 
enabled the doctors and astronomers of Islam to carry out their 
experiments and make their observations. It also protected 
them, while it lasted, from the active disapproval of religious 
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bigots who suspected that all this philosophy would shake the 
beliefs of the faithful. In one of the Arabian Nights tales 
there is an incidental reference to fanatics wandering round 
the outskirts of Baghdad in order to destroy all books—spiritual 
ancestors of Gocbbels and Senator McCarthy, 

This association of science with kings^ wealthy merchants^ 
and nobles was immediately the source of its strength and 
ultimately of its weakness^ since science became^ as time went 
on^ completely cut off from the people^ who suspected that the 
learned advisers of the great were up to no good^ and this made 
them an easy prey to religious fanaticism. As long as the 
cities and trade flourished there was a suflicientiy large, 
cultivated middle class interested in science to ensure discussion 
and progress. As this broke down^ however, the scientists 
became more and more wandering scholars, dependent on the 
varying fortunes of local dynasties. Even the greatest of 
them, Ibn Sina (Avicenna), was never granted any security. 
Ibn Khaldun (1332 -1406), the last of the great Moslem 
thinkers, was a refugee from Seville forced to take service 
wherever he could find it. In his time he was to negotiate 
with Pedro the Cruel in Spain and Tamerlane in Syria, both of 
whom offered to employ him.''*--'* 

The character of Islamic science 

The scientists of Islam on the whole accepted and codified 
the late classical pattern of the sciences. They had little 
ambition to improve it and none to revolutionize it. As al- 
Biruni (973-1048) put it, “We ought to confine ourselves to 
what the Ancients have dealt with and to perfect what can 
be perfected.” 3.3.37c Though individuals might specialize, 
science formed a unity cemented by philosophy. It comprised 
the twin disciplines of astronomy and medicine, united by a 
more or less admitted astrology which furnished the link 
between the outer big world of the heavens—the macrocosm — 
and the inner small world of man—the microcosm. Philosophy 
as such was suspect—it was difficult to reconcile it with the 
Koran. Pious Muslim scholars certainly attempted to do so 
but this was frowned on by the orthodox. Al-Ghazzali’s 
(1058-1 in) book. The Destruction of the Philosophers^ was a 
warning of the futility of' this attempt. Despite the spirited 
answer of Ibn Rushd (1126-98), the much-maligned Averroes, 
in his Destruction of the Destruction, the warning remained 
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effective, and inevitably forced the doctrine of two truths—a 
higher spiritual and a lower rational truth—which ultimately 
sterilized both in Islamic countries as surely as it had done 
among the Greek Christians. The ultimate failure to associate 
science with the enduring features of Muslim religion was 
probably a major reason for its withering away in the later 
centuries of Islam, which became culturally and intellectually 
static. 

During the most flourishing period of Islamic science, in the 
ninth, tenth, and eleventh centuries, these considerations did 
not yet weigh heavily. Indeed one may suspect that religion 
was taken for granted by some of the greatest scientists, and 
not allowed to interfere with the pursuit of secular knowledge. 
The unity of science w^as further ensured by the tradition of 
encyclopaedisrn, which drove all the great and a number of 
minor Islamic writers to compose compre hensive treatises like 
the Compendium of Astronomy of al-Fargani (Alfraganus) (d. 
c. 850) and the great medical collections- the Howi, Liber 
Coniinens of Rhazes (865 -925), the Ca?ion of Avicenna, and the 
Colliget of Avcrrocs - which w^ere still being used as text-books 
in seventeenth-century Europe. 

This compreliensive tendency w’as all the more valuable 
because its wider inclusion of the knowledge of other countries 
gave Islamic science a distinct advantage over that of classical 
times. Not only were the Arabs able to make use of the 
Mesopotamian astronomical and mathematical tradition, 
w hich had continued unbroken since Babylonian times, but they 
consciously used the ancient knowledge of India and to a lesser 
extent that of China. 

Mathematics 

The central interest in astronomy for its philosophical and 
astrological implications carried with it a renewed interest in 
mathematics, as astronomy was almost the only field of mathe¬ 
matical application and encouraged the pursuit of both geo¬ 
metry and computation. Here Islamic mathematicians, owing 
largely to Babylonian and Indian influence, made their greatest 
advance. The manipulation of numbers w^hich appeared, 
with Diophantus, late in Greek mathematics (p. 156) was further 
developed, helped by the general introduction on a large scale 
of the Hindu system of numbers, which was already known, 
though not much used, by the Syrians. This technical device 
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had almost the same effect on arithmetic as the discovery of the 
alphabet on writing. Before then^ arithmetic^ other than what 
can be done on the fingers or the abacus, was a mystery which 
only the most learned understood. With arabic numbers it was 
within the reach of any warehouse clerk; they democratized 
mathematics. The Arabs also incorporaterd the work of a 
series of Indian mathematicians on the means of dealing with 
unknown quantities which we call ahichra. The word itsell* 
comes from the title of al-Kliwarizini’s great compendium 
Hisab al-Jabr w-al-Muqabalak or “ restoration and reduction ” 
as a means of soh ing equations. The Arabs also developed 
much further another field of great importance both to astro¬ 
nomy and surveying, that of trigonometry. 

Astronomy 

In astronomy the Arabs carried on the Greek tradition, accept¬ 
ing, without searching criticism or any radical advance, the 
elaborations of Ptolemy (p. 157), whose Almagest (Megale 
syntaxis) they translated. If they did not add to theory, they did 
keep up without a break the astronomical observations of the 
Ancients. In particular the observatories of IJarran, a city 
of Chaldean star worshippers, continued well into Abbasid 
times, protected from Islamic interference by the fiction that 
they were Sabcan “ people of the book.” If a break had been 
allowed, the Renaissance astronomers would not have had some 
900 years of observations behind them, and the crucial dis¬ 
coveries on which modern science rests might liave been made 
hir later or not at all. 

Geography 

Geography remained for Islamic scientists what it had been 
for the Greeks, a special branch of astronomy. Yet, while they 
made little theoretical advance, on the practical side they were 
able to add to the knowledge of the Greeks to such an extent 
that they laid the foundation of the modern geography of Asia 
and north Africa. This they owed to the wider range of the 
Islamic world and the decentralization of its culture—for 
learned men were to be found from Fez to Samarkand—and to 
the long journeys that were undertaken by traders and pilgrims 
to Mecca. The traders penetrated far outside the countries of 
Islam itself. Learned travellers like al-Masudi (a.d. 900-57) 
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went into Russia and Central Africa and all over India and 
China^ and many of them wrote well-ordered and rational 
accounts of their journeys, far in advance of the legends and 
marvels of the medieval geographers of Europe. Al-Biruni in 
his great book on India gave not only a description of its 
physical features, but an account of the social system, the 
religious beliefs, and the scientific attainments of the Hindus in 
a way that was not to be equalled until the eighteenth century. 
Geography was not merely descriptive, it was also metrical. 
The Caliph al-Mamun [jl, c, 830) ordered two separate 
measurements of a degree of latitude to be made, a per¬ 
formance that was not to be repeated until the sixteenth 
century by Fernel in France (p. 277). Maps and charts were 
made and astronomical instruments used in n^ivigation. 

Islamic medicine 

Islamic medicine, like Islamic astronomy, was a direct 
continuation of that of the Greeks. Added to it, however, was 
a knowledge of new diseases and drugs, which was made 
possible by the wider geographical spread of Islam. The 
doctors, not only Muslim but also Jewish, studied a great range 
of diseases and concerned themselves as well with questions of 
the effects of climate, hygiene, and diet, not neglecting the 
practical art of cookery. Serving as they did rulers and 
wealthy merchants, the prestige of doctors was very high and 
so were their intellectual standards. The great Islamic doctors 
like Rhazes and Avicenna wTre necessarily men of wade know¬ 
ledge which ranged from astronomy for astrological purposes, 
through botany to chemistry, for the selection and preparation 
of drugs. The fact that nearly all the Islamic scholars were 
doctors, and practising doctors at that, had an important and 
not sufficiently recognized influence on their scientific and 
philosophic views. 

Optics 

One branch of medicine which was much developed was the 
study of eye diseases, probably because of their prevalence in 
desert and tropical countries. The surgical treatment of eye 
conditions led to a renewed interest in the structure of the eye. 
This was to give the Arab physicians the first real under¬ 
standing of dioptrics (p. 158) in the new sense of the passage of 
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light tlirough transparent bodies^ and hence to lead to the 
foundation of modern optics. The lens of the eye was to point 
the way to the use of crystal (heryllus — brillen) or glass lenses for 
magnification and reading, particularly by the old. The device 
of mounting such lenses in frames as spectacles was to come later 
(p. 241). The Optical Thesaurus oi Ihn al-Haitham (Alhazen) 
(r. 1038) was the first serious scientific treatment of the subject, 
on which all medieval optics was based (p. 223). Although 
improved on, it was not to be superseded till the seventeenth 
century. In the lens wc have the first ('xtension of man’s 
sensory apparatus, to balance that of his motor capacity already 
achieved through the use of mechanics. It was to be the proto¬ 
type of the telescopes, microscopes, camera, and other optical 
instruments of later times. If they had done nothing else, the 
Islamic doctors in founding optics would have made a decisive 
contribution to science. 

The beginnings of sciefitifc chemistry 
It was in chemistry, however, that the Islamic doctors, 
perfumers, and metallurgists made their greatest contribution 
to the general advance of science. Their success in this field 
was largely due to their having escaped, to a considerable 
degree, from the class prejudices which kept the Greeks away 
from the manual arts. Their treatises show a direct acquaint¬ 
ance with laboratory techniques in the handling of drugs, salts, 
and precious metals. The Arabs were not the first chemists, 
and worked on the basis of traditions and practices already 
deeply rooted in Egyptian and Babylonian civilizations and 
only slightly rationalized by the Greeks. They w^re also able 
to draw, to an extent difficult to ascertain, on the extensive 
chemical knowledge of the Indians and Chinese.'^* ^ Chemistry, 
to a different degree from astronomy and mechanics, depends 
on widespread experience of large numbers of substances and 
processes. It can only become a science if these can be brought 
together and transmitted as a graspablc whole, and provided 
with some general principles. This is what the Arabs did, and 
w^hat justifies their claim to be the founders of chemistry. 

One practical key to chemical advance, the still, had already 
been discovered in its earlier form of the kerotakis or alembic 
(ambix) (p. 160), but the Arab chemists much improved it and 
made it the basis of a large-scale distillation of perfume.^-^^ If 
it had not been for the Koranic prohibition of wine they might 
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have made the next cruc ial advance and distilled alcohol, but 
that was apparently left for the Christians. The wealth of new 
techniques^ of which this was only one, was not, as was much 
of the technique of classical times, left to find its way into craft 
traditions. It was examined and discussed by the most able 
doctors and philosophers. Accordingly, it was possible for the 
first time to approach chemical transformation rationally, 
though, on account of its objectively greater complexity, never 
with the same simple analysis that sufficed for mechanics or 
astronomy (Fig. 5). 

It was the Arabs who elaborated a system of chemical ideas 
that was to stand as the foundation of the subject until the 
great revolution in c:hemistry in the eighteenth century, which 
will be dealt with in Chapter 7. These views arc usually 
associated with Jabir (Geber), who is supposed to have 
flourished in the eighth century. Actually Jabir, if he existed 
at all, seems to be another Hippocrates (pp. 130 f.) and his 
alleged writings are those of a school, many being as late as the 
eleventh century. Flowcver that may be, there is certainly 
to be found in the Avorks of al-Razi (Rhazes), the greatest of 
Arab physicians, an extensive compendium of chemical opera¬ 
tions and substances. 

For the Greeks, the elements—earth, water, air, and fire— 
were conceived as parts of the cosmos or as pure qualities, 
rather than material substances (pp. 120 f.) that could be trans¬ 
formed into each other by art in crucibles and stills. In their 
places, the Arab chemists, possibly inspired by Aristotle’s 
doctrine of earthly exhalations, recognized tw'O essential kinds 
of substances- mercury and sulphur- mercury standing for all 
metals by virtue of its density and shininess; sulphur repre¬ 
senting substances that burnt. It seems that here there was an 
important borrowing from the Chinese, whose mystical Taoist 
alchemy is not based on gold but on cinnabar, the red compound 
of mercury and sulphur, the Yin and the Yang, which if 
properly prepared ensures eternal life.*^*'^ This was to be the 
germ, as we shall sec (p. 272), of the spagyric theory of Para¬ 
celsus, and through him first of phlogistic and then of modern 
chemistry. More immediately important than chemical theory 
was the full-scale chemical production in localized industries of 
such commodities as soda, alum, copperas (iron sulphate), 
nitre, and other salts which could be exported and used, 
particularly in the textile industry, all over the world.®*^®’ 
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The legacy of Islamic science 

This bare outline can do but scant justice to the extent and 
weight of the Islamic contribution to science. Though in its 
central themes it is evidently a continuation of Greek science, 
the latter was both revivified and extended. By their renewed 
activity as much as by their search for earlier and better 
authorities, the Islamic scholars rescued Greek science from the 
decadent state that it had fallen into under the late Roman 
Empire. They created a live and growing science, even if at no 
point does it rise to the heights of the speculations of the Ionic 
Nature philosophers or equal the geometrical imagination of 
the Alexandrian school. By drawing on the experience of 
non-Hellenic countries, Persia, India, and China, they were, 
however, able to extend the narrow basis of Greek mathe¬ 
matical, astronomical, and medical science, to initiate the 
techniques of algebra and trigonometry, and to lay the founda¬ 
tions of optics. The crucial extension of Islamic science was to 
be in chemistry or alchemy, where they transformed old theories 
and added new experiment to create a new discipline and 
tradition of science. This tradition was often qualitative and 
mystical in character, but for that very reason was to be, for 
many centuries, an invaluable counterweight to the over- 
rational and mathematical, astronomical-medical tradition of 
the Greeks. 

5.7—r//£ DECAY OF ISLAMIC CULTURE 

After the eleventh century, although there was no spectacular 
collapse, it is evident that the best days of Islamic science were 
over. There were still brilliant individual scientists. One of 
the greatest, Averroes, dates from the twelfth century, and Ibn 
Khaldun comes as late as the fourteenth, but they are no longer 
part of a widely based and living movement. The failure of 
science is here only one symptom of a general political and 
economic decay of Islam in its original form. Essentially it 
was the delayed effect of the same social forces that had 
brought about the decay of classical culture. Neither in Islam 
nor in the surviving Eastern Roman Empire of Byzantium 
could the same inequalities in wealth fail in the long run to 
lead to economic breakdown. The Arabs, when they took over 
the Asiatic provinces of the Empire, inherited its problems as 
well as its wealth. The subjection of peasants and craftsmen 
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destroyed the market for an effective industry. This result 
could only be postponed by using up the considerable resources 
accumulated in the Byzantine Empire^ and by opening new 
fields for commercial exploitation in Russia^ Central Asia^ and 
Africa. 

In the end both the Byzantine and Islamic Empires were 
unable to maintain the organization necessary to control an 
extensive State. By the tenth century they both began to break 
up internally^ and to grow more dependent for military^ and 
then for economic, purposes on local efforts. By the time of the 
Crusades both had developed into a local feudalism which was 
inferior militarily^ and culturally was no longer markedly 
superior^ to that of the West. Further^ the Eastern feudalism 
lacked, as wc shall see, the economic resources and the cultural 
hopefulness of the new feudalism of the West. It lacked 
especially the widespread basis that was provided by the 
manorial village, with its living tradition of the old tribal 
collective. 

The breakdown of Islamic civilization was undoubtedly 
accelerated by the arrival of new waves of barbarians from the 
Steppe lands. The Turks and Mongols by themselves, how¬ 
ever, would never have been able to overrun the Islamic lands 
and efiectively sterilize their culture by the thirteenth century, 
had these been in a flourishing economic state. As it was, the 
irrigation agriculture of Mesopotamia was largely ruined by a 
combination of native misrule and Mongol incursions which 
prevented the maintenance of the canals. That invasion alone 
is not a sufficient explanation is shown by the contemporary 
decline of Egypt and north Africa, into which the Mongols 
never penetrated, and the fact that similar incursions into the 
fundamentally more stable economics of China and India had 
no effect on their economics and little on their cultures. 

Islam was to survive and survives to this day as a religion 
and a civilization, but it was not to regain the same scientific 
impetus that marked its first flowering. The equilibrium 
reached in the Mongol and Turkish States that succeeded the 
original Arab empires was one in which science stayed sub¬ 
stantially frozen at the stage it had reached in the eleventh 
century. The ostensible reason for this was the rise of the 
clerical faction which actively discouraged philosophy and 
science. But this, had there been any real need for science, 
would in itself have been no more effective than it was in 
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Renaissance Europe. In the East, once the earlier stimulus 
to economic progress failed, the intellectual stimulus also 
vanished. Both might have revived later, but by the time they 
showed signs of this, as in India under the Moguls, their 
development was cut short by the superior commercial and 
military achievements of early European capitalism. 

The fruits of Islamic science were, however, not wasted, 
though they were not to be enjoyed in the lands that cultivated 
them. To an extent far greater than that of the transmission 
of Greek science, the whole apparatus of Islamic science, data, 
experiments, theories, and methods were handed on directly to 
the new, growing science of feudal Christendom. Indeed, if 
this were a history of science instead of one of its influence, it 
would have been more logical to treat together as one chapter 
of intellectual advance the whole period from the seventh to the 
fourteenth century, hardly distinguishing the languages— 
Syrian, Persian, Hindi, Arabic, or Latin—in which the books 
were written. The difference between the new science of the 
sixteenth century and that of the thirteenth in Europe is far 
greater than that between Arabic and Latin science in the 
twelfth century. Both the glory and the limitations of Islamic 
and Christian science in the Middle Ages stem from the same 
root, their association with the political and economic basis of 
feudalism; but the demonstration of this must await the next 
chapter. 



Fig. 5.— sketches OF SINGLE AND MULl’IPLE I'OVVER 
STILLS. The rosc-Iike diagrain represents the plan 

(From al-Dimaschqi’s Cosmography in E. Wiedemann, Beitriige zur Gesdiichte der 
Pfaturwissenschafien, XXIV. Erlangen, 1911.) 
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Chapter 6 

MEDIEVAL SCIENCE AND TECHNIQUE 

6 a—THE DARK AGES IN WESTERN EUROPE 

W HILE a brilliant cultural development was taking 
place in the Eastern Empires and in Islam, most of 
Europe was still suffering from the confusion left by the 
collapse of the Roman Empire and by the barbarian invasions. 
Between the fifth and the ninth centuries towns decayed every¬ 
where. In Britain, where they were alien foundations, they 
completely disappeared; in Italy, where they had i,ooo years 
behind them, they survived, though half ruined and deserted. 
The first barbarian rulers—Franks and Goths in the West, 
Slavs in the East—maintained a shadow of the Imperial system, 
including trade on a considerable scale in luxury goods and 
slaves. Classical culture gradually died out, leaving such 
living relics as the swan song of Boethius. The new Christian 
culture, preserving the scriptures and fragments of Latin and 
Greek literature, was spread from outlying centres such as 
Iona or Kiev.^-'-^^'‘ Only in Constantinople was a Christian¬ 
ized Empire, more Greek than Roman, able to maintain itself 
and to guard the Classical heritage. 

The western kingdoms, despite their unification under 
Charlemagne, were unable to maintain a State organization 
on the Roman model against the treble attack of the Normans, 
Magyars, and Saracens. Nevertheless they were not over¬ 
whelmed, and emerged after a few years vigorous but frag¬ 
mented. Their successful resistance was achieved on a basis 
of local defence and local self-sufficiency—the feudal system. 
Once this was well established, as it was from the year looo, 
recovery was rapid. The very factors which had held up the 
early development of western Europe—its forests and heavy 
soils—made its advance more rapid when it came. From the 
tenth century onwards the intrinsic economic advantages of 
Europe began to tell. They were primarily agricultural, based 
on the suitability of western European climate and soils for dry 
cultivation once technical difficulties of cutting down woods 
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and ploughing heavy soils could be overcome (p. 233). The 
Islamic East^ on the other hand, was for the most part an 
arid region. As such, it was liable to increased desiccation 
and erosion, and this became catastrophic when it was com¬ 
bined with the decay of the governmental organization which 
alone could maintain irrigation systems and keep the ravages of 
faulty agriculture in check. 

No such requirement for extensive organization existed for 
western Europe; only local and not national effort was 
required. Even starting from a stage of extreme disorganiza¬ 
tion, its economy could rebuild itself village by village. Slowly 
but irresistibly a new civilization, which was soon to surpass its 
forerunners, arose on a solid basis of abundant, fertile, and well- 
worked land. Nevertheless only the western and northern 
parts of Europe were able for long to make use of these advan¬ 
tages. They were saved by their remoteness, and even more 
by their forests, from the last incursions of the Asiatic pastoral 
peoples. In the thirteenth century the Tartars overwhelmed 
the highly civilized State of Kiev. This Byzantine equivalent 
of Charlemagne’s Frankish Holy Roman Empire was not 
entirely wiped out, but had to be recreated from its offshoots in 
the northern forests. As a consequence the Russian State came 
into action, as Great Muscovy, some centuries later than the 
west of Europe. In the fourteenth and fifteenth centuries the 
same fate fell on south-eastern Europe when the south Slav 
kingdoms and finally Byzantium itself were overrun by the Turks. 

The w^orld of medieval Christendom was thus a very limited 
one. Its central spine ran from Italy through eastern France 
to England; to the east it included only the Rhineland and the 
Low Countries; to the west, Gascony and Catalonia. Even 
in this area the most characteristic developments were more 
limited still, centring on the rich, well-watered agricultural 
plains of Flanders, Normandy, Champagne, and the Paris 
basin, and on the southern counties of England. It was in the 
land of the Franks, in the very lie de France of which Paris is 
the centre, that the economic forms, the architecture, and the 
intellectual developments of medieval scholarship first came to 
flower. The other great cultural centre, that of Italy and par¬ 
ticularly of Lombardy and Tuscany, was too impregnated with 
the influence of the classical world to produce such distinctive 
contributions. Its turn was to come in the later Middle Ages 
and the Renaissance. 
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6 . 2 —THE FEUDAL STSTEM 

In contrast to the slave economy of classical times that 
preceded it and that of capitalist economy that followed it^ 
the economy of the whole period from the fifth to the seven¬ 
teenth century may be taken as feudal (p. i8o). Nevertheless 
it is only in Europe from the eleventh to the fourteenth centuries 
that the feudal system appears fully developed, complete with its 
political and religious hierarchies and with the corresponding 
art and knowledge.'^ 

The economic basis of the feudal system was the land. It 
was marked by its dependence on local agricultural pro¬ 
duction, largely consumed on the spot^ and on a scattered handi¬ 
craft industry. The economic unit in the feudal system was the 
village. TherCj some scores of men and women, mostly kinsfolk, 
shared out the land and work, holding most in common. 
They were not far removed in sentiment and sometimes even in 
ancestry from the old clan groupings. They carried out a 
simple rotation of crops, usually, in northern lands, with three 
fields divided into individual plough strips and some woods 
and pasture. On the serfs was superimposed the hierarchy of 
lords, lay or clerical, and their overlords, bishops and kings, 
under the nominal headship of emperor and pope. Each lord 
might hold one or more villages, or land in several villages, 
where his serfs were obliged to work to keep him as well as 
themselves. It is this obligation of feudal service, that is of 
work exacted by force or by custom backed by force, that 
distinguishes feudal exploitation from the wage-labour system 
of capitalism. It is the imposition of this obligation on peasants 
with secure tenure cultivating their own land that distinguishes 
it from the chattel slavery of classical times. 

In theory, feudal obligations were not entirely one-sided. In 
return for the service of his peasants the lord was supposed to 
give them protection, but this should be understood more in the 
gangster than the literal sense. For the danger against which 
he had to protect them was the attacks of other lords. The 
whole duty of a noble lord was to fight for his overlord when 
called on, though he might fight against him when he felt 
like it. For the rest, he could eat and hunt. The whole duty 
of the spiritual lord was to pray, but he usually managed to con¬ 
sume as much provender to support him in this as his lay 
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brother. The higher nobility, lay and spiritual, together with 
their retainers, had for lack of adequate transport virtually to 
eat their way round their scattered manors. Even the king 
could never afford to stay in one place for long, but had to 
travel round with his court like a circus.^*^® The nobility and 
clergy of the feudal system were little more than parasitic on 
the village economy. This parasitism, however, was thorough 
and intelligent. The bailiffs of the manor, lay or clerical, had 
learned well how to extract the last ounce of service and dues 
from the serfs. 

The fact that it was possible, without large-scale trade or 
organization, to maintain a parasitic class which with their 
unproductive retainers amounted to some ten per cent of the 
population, shows that the economy of the feudal village was far 
from primitive. Though in its social form it represents a return 
to a pre-classical village economy, it was a return on a higher 
technical level, with widespread use of iron, better ploughs, 
better harness, better looms, and the use of labour-saving 
devices such as the mill. The technical advances of classical 
times, wdiich were concentrated in the cities and where pro¬ 
duction on the slave plantation villas w-as for the benefit of a 
plutocracy of traders and landowners, were, in feudal times, 
spread widely over tlic countryside, giving everywfiere a local 
surplus. The feudal system was therefore, tcclmically as well 
as socially, a far more secure base for further progress than was 
classical plutocracy. 

At the same time, it was too locally subdivided and lacking in 
concentration to achieve this progress rapidly from its own 
internal initiative. What it could and did do, particularly from 
the eleventh to the thirteenth centuries, was to spread over the 
untilled and waste parts of Europe. This spread of land 
cultivation represented the only way in which feudal economy 
could develop without losing its character. It was pushed 
forward by nobles and churchmen alike, eager to enlarge their 
estates and powTr, and it was often supported by serfs as well 
because they could bargain for better conditions in the new 
lands. By the end of the thirteenth century this expansion over¬ 
shot itself, and led to a serious economic crisis from which 
feudalism never really recovered. 

Meanwhile, however, other economic forms were growing 
up inside the feudal system, based on a trading and urban 
manufacturing economy. These, by breaking down the local 
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self-sufficiency of feudal economy^ were ultimately to destroy 
it; but at first they could be assimilated into the feudal 
system, which was to continue for another two centuries in 
Britain and Flanders, and for longer still in the rest of Europe. 
Feudal economy itself was largely a product of the disorganiza¬ 
tion produced by the collapse of the classical economy, and the 
barbarian invasions and disturbances this provoked. Once 
conditions settled down and warfare became merely occa¬ 
sional, tendencies to forms of organization not so directly based 
on the land reasserted themselves. 

The medieval towns 

Starting in the Mediterranean area, in south Italy, Provence, 
and Catalonia, where they had suffered least in the Dark Ages, 
and soon after in the Rhineland, the Low Countries, and 
Lombardy, where the agricultural surplus was greatest, towns 
began to grow again.^*^^ By the eleventh century towns were 
well established in these areas; by the twelfth they were also 
growing in northern France, England, and Germany east of 
the Rhine. As they grew they strove to emancipate themselves 
from the restrictions of Church and feudal institutions. In 
Germany and Italy, where central government was weakest, 
they became virtually independent city states; in France and 
England they remained subordinate to royal, though not to 
feudal, power. These towns lived by exchanging new manu¬ 
factured goods, made by guilds of handicraftsmen within their 
walls, for the surplus products of feudal economy. The towns 
contained at first a negligible proportion of the population; 
even at the end of the Middle Ages in more urbanized countries 
such as Italy and Flanders they represented probably not more 
than five per cent. Nevertheless, their establishment was of 
crucial importance because it was from them that ultimately was 
to come the bourgeois (burgess) class that was to found capi¬ 
talism. The same urban movement was also to be the focus of 
a new utilitarian science, radically different from that of the 
Ancients. 

Throughout most of the Middle Ages, however, the towns 
had not this revolutionary role. Once they had achieved their 
necessary liberties they fitted very well into the essentially 
rural feudal economy. This economy, however, was by no 
means a stable one. In its first phase, as already indicated, the 
main emphasis was on the establishment and extension of 
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feudal orderAfter the thirteenth century that order itself 
was beginning to break down not merely in Italy, where it had 
been least securely established, but at its centre in the Low 
Countries, England, and northern France. That breakdown 
was on the whole a progressive and not a degenerative one. 
It was marked by an increased production, not only of food 
but also of textiles, accompanied by a differentiation of 
peasantry in which the richer, at least, became emancipated 
from feudal service. Commodity production for the market 
took the place of subsistence economy, with a resulting en¬ 
hancement of the importance of trade and towns. These were 
the conditions that gave still further impetus to the technical 
changes in manufacture and transport that were to lead to the 
new age of capitalism. 

The impetus to technical innovation had, however, existed 
from the beginning of the Middle Ages, particularly in the 
better utilization of land and the increased use of machinery. 
It was here that the medieval pceisant and workman could 
profit by the legacy of classical techniques and by the addition 
that the Arabs had made to them. What had been lost was 
largely, as already indicated, the arts of luxury and of large city 
organization. Aqueducts and baths could be done without, but 
mills and smithies remained. Agriculture and the practical 
arts were further improved, as we shall sec, by borrowings from 
the East and by indigenous inventions. This improvement 
took the direction of a substitution of mechanical for human 
action; of animal and water-power for manpower. There was 
nothing, it is true, that the medieval craftsman could do that 
could not have been done by the Greeks or Romans, but they 
lacked the compelling incentive, the need to do more work with 
less men. 

For most of the Middle Ages there was a chronic labour 
shortage. It was not only that there was no longer the 
expendable labour force of slaves that had held up technical 
advance in classical times. There was also the drive for 
extension of cultivation that stemmed from the nature of the 
feudal system. The nobles needed more and more land, but 
land was useless without peasants, and there were never enough 
of them, especially at harvest time. Of course, peasants could 
be made to work harder and hand over more of the produce to 
the lord, but there was a limit to this, forcibly demonstrated in 
peasant revolts. Hence the search, first by enterprising feudal 
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lords and ecclesiastics^ then by wealthy merchants, for alterna¬ 
tive methods of enrichment—for mills, for textile factories, for 
mines, and for foreign trade. Technical progress was slow, 
held up by the vested interests of nobles and guildsmen, but it 
could not be arrested, and its consequences in the end were to 
sap the foundations of the feudal system and the medieval world 
order which was its intellectual expression. 

6 . 3 -THE CHURCH IN THE MIDDLE AGES 

The feudal system furnished the economic basis throughout 
the Middle Ages; its intellectual and administrative expression 
was provided by the Church. It was the unity and order of the 
Church that counteracted the anarchic tendencies of the nobles 
and provided for all Christendom a common basis of authority. 
Though on particular issues there was often a conflict of power 
between emperor and pope, king and bishop, both sides 
recognized the need of the other in the maintenance of society. 
The Church did not stand out against the feudal system, it was 
an essential part of it, and indeed one could not be changed 
without the other, as the Reformation was to show. 

In the age of transition before the tenth century, the Church 
in the West was most concerned with the mere business of 
cultural survival. It was the one rallying ground of ancient 
civilization against successive waves of barbarians, Goths, Van¬ 
dals, Franks, Saxons, and Lombards, which as they came into 
the pale of the Roman Empire had to be won to Christianity, 
Later the effort of conversion spread further, to the Norsemen 
and the Magyars. In all cases it imposed its rule in the first 
place as the heir to the greatness of the Empire, appealing to 
the ambition of barbarian chiefs and to the credulity and love 
of wonder of their households. In the process it was inevitable 
that the Church itself became barbarized; though it clung to 
the impressive externals of religion, the rituals, vestments, 
relics, and miracles, it lost much of its early intellectual content. 
What was saved was through the efforts of the remote early 
missions to Ireland and Northumbria, where monks such as 
Bede (673-735) Erigena {c. 800-c. 877) preserved some¬ 
thing of classical scholarship and philosophy.**^-^*^ 

The first general movement of intellectual recovery in Europe 
was that of Charles the Great, who, though himself illiterate, 
introduced palace schools in the ninth century; but that was 
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set back by new invasions of Norsemen,, Magyars,, and Saracens. 
It was only in the tenth century with the monastic reformation, 
starting at Cluny in Burgundy, that the Church seriously 
began to build an organization which could control the lives and 
thoughts of all the people of Christendom from king to serf. This 
organization was itself feudal, and indeed doubly so, for not only 
were the hierarchy of secular churchmen, popes, archbishops, 
bishops, and priests, all feudal landowners, but also the regular 
clergy, the monks, actually opened up land on their own account 
in their Abbeys and were the spearhead of feudal expansion. 

All through the early Middle Ages, at least up to the begin¬ 
ning of the thirteenth century, even in Italy, the Church had in 
its priests and monks a practical monopoly of learning and even 
of literacy. Feudal administration had to pass through 
clerical hands, as the word clerk bears witness today. This 
monopoly was to give medieval thought a degree of unity, but 
it was also seriously to limit its scope. Neither Greek nor Islamic 
thought had been so confined to a single order of men (p. 197). 

The professed attitude of the medieval Church to human 
affairs had been set in the dark days of the decay of the Roman 
Empire. It was that life in this world was a mere preparation 
for an eternal life in li(‘ll or heaven, an attitude which only 
gradually weakened with the undeniable improvement of 
human conditions, but was not to be blown away till the 
Renaissance. In practice, however, the Church took a 
shrewd interest in the afiairs of this world, and was deeply 
involved in the maintenance of the feudal order. 

The coming of the friars 

This concern with an essentially rural economy set the 
Church, from the twelfth century onwards, in opposition to the 
interests of the secular society of merchants and artisans of the 
new towns. These expressed their dissatisfactions in heresies, 
usually of a Manichean and mystical kind, maintaining that 
man could approach God without the mediation of a host of 
greedy and ill-living clerics. Such heresies could be, for a 
while, put down by the sword, as in the great Crusade against 
the Albigenses in 1209; but by the mid-thirteenth century a 
more satisfactory solution was found. The Church secured a 
new arm in the licensed beggars and preachers—the Franciscan 
and Dominican friars—who had come into existence partly as an 
expression of, and partly as a reaction to, the changed conditions. 
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St Francis of Assisi (1182-1226) reflected in his life and 
preaching the revolt of the poorer townsmen against worldlincss 
and excessive wealth. His message was popular^ dangerously 
so^ and all of papal diplomacy was needed to keep it from 
breaking out in heresy and civil strife. Such difficulties arc 
still found today in the handling of “ worker priests ” in 
France. Even after the resistance of the spiritual ” Francis¬ 
cans had been broken in 1312^ their doctrine continued to work 
through Occam (d. r. 1349) and WycHfFc (r. 1324-84) and 
paved the way for the Reformation. 

The friar preachers of St Dominic were, on the other handj 
deliberately reactionary from the start. Their ostensible aim 
was to use persuasion to check the spread of heresy. The 
townsmen were becoming intelligent, even learned, and the 
greatest weight of orthodox learning had to be massed against 
them. Hence the philosophic labours of St Albert (1193-* 
1280) and St Thomas Aquinas (c. 1227-74); hence also their 
instinctive sympathy with Aristotle, the great defender of order. 
How effective this persuasion was, as compared with the more 
brutal efforts of the Crusades and the Inquisition, it is difficult 
to tell, but heresy w\as kept down for some 300 years. 

Nevertheless, despite the efforts of the friars, the last two 
centuries of the Middle Ages were to witness a definite weaken¬ 
ing of the Church under the influence of the rising towns and 
the growing strength of the kings, who were increasingly allying 
themselves with the towns against the country nobility. The 
papacy was forcibly moved to Avignon in 1309 and the Church 
was split between two or three popes from 1378 to 1418. In 
healing this breach new authority was vested in general 
councils. Even these could not keep order, and though they 
could burn Huss in 1415, his followers defied them and main¬ 
tained an independent national State in Bohemia until 1526. 
The Church, however, was only weakened as an organiza¬ 
tion; it had so impressed its stamp on intellectual and social 
thought that the disputes in politics and science of the next 
few hundred years were to be carried out mainly in terms of 
religion. 

6.4—r//£ SCHOLASTICS AND THE UNIVERSITIES 

The revival of western Christendom which began in the tenth 
century required an intellectual basis wider than was provided 
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by the meagre salvage of classical lorc^ even where transmitted 
by such able thinkers as Bede and Erigena. The clergy had to 
be trained to think and write; the claims of the Church, 
spiritual and temporal, had to be asserted and defended. 
At first this need was met by the setting up of cathedral schools 
such as those of Chartres and Rheims. By the twelfth century 
these had swelled to become universities with set courses teaching 
the seven liberal arts, philosophy, and, most important of all, 
theology. The first and most famous of these, the university of 
Paris, was not so much founded as recognized by ii6o. The 
idea of a university —studium generale —where all subjects could 
be studied together was not entirely a new one. In antiquity 
there had been the schools of Athens and the Museum of 
Alexandria; the Muslims had had their Mosque schools, 
Madrassch, for centuries, where philosophy as well as religion 
had been taught; and already, since the eleventh century a.d., 
a medical school had been in existence in Salerno. Though the 
new medieval universities were to borrow from all of these, they 
were more general and systematic in their teaching, and early 
acquired a special place in the world of Christendom as reposi¬ 
tories of learning. Bologna was founded as early, if not 
earlier, than Paris; Oxford, practically a branch house of 
Paris, in 1167; Cambridge in 1209. Then came Padua, 1222, 
Naples, 1224, Salamanca, 1227, Prague, 1347, Cracow, 1364, 
Vienna, 1367, and St Andrews, 1410. 

From their very foundations the universities were, and 
remained until relatively recent times, mainly institutions for 
training the clergy. This emphasis mattered little at a time 
when the clergy had the monopoly of literate occupations and 
were responsible for all administration. What was important 
then was that they should be educated at all, and particularly 
that they should absorb something of the ideas of the classical 
world. The teaching was by means of lectures and disputations, 
for books were scarce. This was still the method when faculties 
of medicine were added. The curriculum was fixed on the 
basis of the seven liberal arts, a summary, excessively simplified, 
of classical learning. The first three “ trivial ” subjects were 
grammar, rhetoric, and logic, aimed at teaching the student to 
talk and write sense—naturally in Latin. Then followed the 
“ quadrivium ” of arithmetic, geometry, astronomy, and music. 
Only after this study could philosophy and theology be 
approached. It is significant to note that the basic study was 
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not only secular but scientific; in this it followed the Islamic 
model. Law and medicine were catered for in other faculties, 
but neither history nor literature found any place. It was this 
omission which was to occasion in the Renaissance the humanist 
reaction against the whole scholastic system (p. 259). 

In practice the science taught amounted to very little.®* 
Arithmetic was numeration; geometry the first three books of 
Euclid; astronomy hardly got further than the calendar and 
how to compute the date of Easter; and the physics and music 
were very remote and Platonic. There was little contact, and 
little desire for it, v»'ith the world of Nature or the practical 
arts, but at h'ast a love of knowledge and an interest in argu¬ 
ment was fostered. In the latter Middle Ages the universities^ 
with few exceptions, such as Padua (p. 267), had come to be 
guardians of established knowledge and barriers to any cultural 
advance, but in their early days tliey were the focus of in¬ 
tellectual life in Europe. 

I'he impact of Arab and Greek knowledge 

It was into this world of restricted and avid intellectual 
activity that there came the impact of Arab scholarship, carry¬ 
ing with it a far richer draught of classical knowledge than had 
even been preserved in the West. Beginning with a few works 
in the eleventh century it came in a full flood in the twelfth, 
when the bulk of Arab and Greek classics were translated into 
Latin, mostly from the Arabic,®-*-^ but some directly from the 
Greek. Most of the translation was done in Spain, some in 
Sicily. I’he Crusades had a negligible influence on the spr(*ad 
of culture. This cultural transmission was of a character 
entirely dificrent from those of earlier times except, perhaps, of 
that between Indian and Islamic science. For here, instead of 
the passing on of a practically defunct tradition to a new 
and vigorous culture, there was a handing over of the fruits of a 
culture hardly past its full vigour. At first sight there might 
have seemed to be enormous difficulties in the transmission of 
ideas expressed in a radically different language, and coming 
from people with religious beliefs not only foreign but actively 
hostile. These obstacles, however, proved to be superficial 
compared to the underlying similarity of the culture transmitted 
by the Arabs to that already held by the Latins. They were, 
in fact, only receiving more amply and from closer to its source 
the Hellenistic culture that was already the basis of their own. 
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Both contained the same substratum of Platonic and Neoplatonic 
thought. The words were unfamiliar but the meanings were not. 

Not only that^ but the very religion of Islam had been faced 
with the same intellectual problems—of the creation of the 
universe; of the reconciliation between faith and reason; of 
the literal inspiration or the eternal existence of the Koran; 
of the validity of mystical experience—that were to perplex the 
Christians. Duns Scotus and Thomas Aquinas were to con¬ 
tinue the dispute already opened between al-Ghazzali and 
Averroes (p. 198). In terms of science alone^ it would be logical 
to treat the period from the ninth to the fourteenth century as a 
unitary Arabic-Latin effort to reconcile religion and philosophy 
and complete the Classical world-picture. But this would be 
to ignore geographical and economic differences that were to 
bring about a decisive divergence in the consequences of that 
enterprise. For while in Islamic countries a compromise was 
reached wdiich sterilized the advance of science^ in Christian 
hands the dispute went on untib under the impact of economic 
changes, the whole Greek wwkl picture w^as destroyed and 
replaced by another. 

Faith and reason 

Already in the eleventh century, before the full impact of 
Arab learning was felt^ the disputes of the schools had been 
turning to this central problem of providing a basis for hiith in 
reason or, more narrowly, of reconciling the scriptures and the 
fathers with the logic of the Greeks. At first this seemed easy 
enough: St Anselm (1033-1109) proved the existence of God 
from that of the idea of perfection. The details of a rational 
religion, however, w^re more difficult to fill in. Abelard 
(1079-1142) indeed presented, in his Sic ct Non, respectable 
citations from the fathers expressing opposite opinions on 
almost every vital question. It seemed at first that the re¬ 
covery of the major works of Aristotle in the tw^elfth century 
would provide sufficient guidance to solve these problems. 
Indeed his legendary reputation was more than justified wdien 
it became possible to appreciate the extent of his knowdedge 
and the rigour of his logic. Moreover, as we have seen (p. 143), 
the essentially conservative doctrines of Aristotle had been 
originally made to fit a static, class-divided society. It only 
needed certain alterations to adapt them to a Christian, feudal, 
rather than a pagan, slave economy. 
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The first steps had already been taken by Averroes (p. 198)^ 
revered throughout the Middle Ages as the great commentator, 
but he had too much respect for Aristotle for his version to be 
readily adaptable to the Christian revelation.^-That task 
was achieved by the Dominican friar, St Thomas Aquinas. 
His great Summa Theologica provides an explanation of the 
universe of Nature and of man as a framework of the far more 
important drama of divine governance and human salvation. 
The whole is arranged in admirable system, with citations for 
and against every point discussed, together with an argument 
which always leads to tlie orthodox solution. Faith is always 
superior to reason, in the sense that there arc things that reason 
alone could never discover, but equally revelation and reason 
can never be in conflict. The answers being known in advance, 
the Saint’s arguments often have the air of special pleading. 
Nevertheless they have never been improved on, and form the 
bcisis of Catholic doctrine to this day. 

Given the limitation of the time, St Thomas’ performance 
was a remarkable feat of system and ingenuity, for it is more 
than a mere adaptation of Aristotle: it includes the use of the 
Aristotelian method to deal with situations of feudal society, 
which the Greeks could never have come across. Nevertheless 
it marks no original advance in thought, and to take it today as a 
philosophic basis is a confession of the intellectual bankruptcy 
of the neo-Thomist supporters of reaction. 

St Thomas, indeed, was too able. Not only did he reconcile 
with reason the fragmentary and often contradictory doctrines 
of early Christianity but he used the Neoplatonic forgery, the 
Celestial Hierarchy of the so-called Dionysius the Areopagite - 
which, to be fair, was taken as gospel by nearly all medieval 
thinkers—as the major basis for his world order, which is 
accordingly no more Christian than it is scientific. 

Some recent historians, impressed with the fact that modern 
science arose out of medieval scholasticism, have praised the 
quality of argumentation that enabled the schoolmen to do so. 
Now in the first place it was not the schoolmen who created 
modern science, but men like Leonardo, Bacon, and Galileo, 
who violently repudiated their aims and methods (pp. 303 f.). 
Further, the history of the scientific revolution shows that the 
removal of the accretion of nonsense of all ages was far the 
most difficult and tedious task in the foundation of science. 
When we realize that it took the best part of 1,000 years to carry 
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out the amount of thinking that^ without these obstructions, 
could have been packed into 200, we may feel less inclined to 
revere those who established the doctrines that so effectively 
held back the advance of science. 

The nominalist opposition 

The labours of St Thomas were less kindly received in their 
times than they were to be long after. Even before the impact 
of Arab knowledge, there had been an opposition to the highly 
general method of argumentation based on the reality of Platonic 
ideas or Aristotelian substantive forms. The arguments of 
Roscellinus (r. 1050-r. 1122), the first of the nominalists^ as 
opposed to the realists, were reinforced despite St Thomas by 
the Franciscan Duns Scotus (r. 1266-1308). The nominalists 
in effect, by asserting the importance of individuality and main¬ 
taining that things came before names or ideas, effectively 
rejected the whole rational theological scheme. Because they 
were also good Christians this did not lead them into scepticism, 
nor for the most part into a direct study of Nature, but rather, 
like al-Ghazzali, into an assertion of blind faith mystically held 
and so superior that human reason cannot hope to grasp it. 
Nevertheless, because they needed to dispute with realists, 
they had to develop their reasoning in a critical sense, and 
thus provided arguments that were to be of use in the later 
revival of natural science. William of Occam’s famous razor 
“ Entities should not be multiplied without reason ” or more 
authentically “ It is vain to do with more what can be done with 
fewer ” has served to remove a lot of nonsense from scientific 
theory. Later still the school of Buridan (r. 1297--1358) and 
Oresme (1320-82) in Paris used Occam’s methods to criticize 
Aristotle’s doctrine of motion, and thus prepared the way for 
Galileo’s reformation of dynamics (p. 293).In chemistry, 
where reason for long had a most tenuous hold, the alchemical 
approach also found support from the mystically minded. 
Raymond Lull {c. 1235-1315) of Majorca, who was the major 
source for the introduction of Islamic Sufic mysticism into 
Christendom, was, or was reputed to be, one of the founders 
of the chemical tradition which, as will be shown (p. 272), 
was to run through Paracelsus and van Helmont to the 
chemistry of the present day. 


221 



MEDIEVAL SCIENCE AND TECIINIQ^UE 


-MEDIEVAL SCIENCE 

This long theological, philosophic preamble to medieval 
science is necessary because what little scientific investigation 
there was in that age was undertaken almost exclusively for 
religious ends and by clerics—priests^ monks^ or friars. In this 
it is in marked contrast to the conditions of Islamic science, 
where few of the scientists had any religious calling and most 
had frankly utilitarian ends (p. 197). 

The present fashion of extolling the science of the Middle 
Ages to the detriment of that of the Renaissance is a particularly 
silly one. Inaccurate in fiict, it is especially unfair to the 
medieval cleric and scholar, giving him credit where he did not 
seek it and obscuring his real contribution. Even Roger 
Bacon (c. 1235-1315) in his ill-tempered and perverse denuncia¬ 
tions of his contemporaries -he treats the great St Albert and 
St 'rhomas as ignorant boys would never have cjuestioned 
that the main end of science was the buttressing of revelation. 

His only difference from them is that he sought his confirmation 
in experience instead of reason. The men of the Middle Ages 
were perfectly competent in reasoning and in the design and 
carrying out of experiments. So arc any set of educated men. 
Whether they had learned the tricks from the Greeks or Arabs 
or made them up themselves hardly matters. What does 
matter for the development of science is that they did not make 
any sci'ious use of these methods to investigate Nature and less 
to control it. They had no incentive to do so and plenty of 
reasons to dissuade them. Being churchmen they had many 
other preoccupations: Gcrbert (r. 930-1003)^ the first of the 
western scientists, became a pope; Robert Grosseteste (c. 1168- 
1253), the ablest of them, was a bishop and a chancellor of 
Oxford University; St Albert the Great was a provincial of 
the Dominican order responsible for tlie whole of Germany, so 
was Dietrich of Freiburg (fl, 1300), the best experimenter. 
Even die most daring thinker of the late Middle Ages, Nicholas 
of Gusa (1401-64), was drawn into papal propaganda and 
ended as bishop of Brixen. Anything they did in science was 
spare-time work. 

The exceptions, Roger Bacon and the mysterious Peter the 
Pilgrim, prove the rule. Roger Bacon spent a large fortune 
on scientific researches and despite the Pope’s blessing was put 
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in prison for his pains. Peter did publish one letter of a few 
pages and^ according to his admirer Roger Bacon^ “ He does not 
care for speeches and battles of words but pursues the works of 
wisdom and finds peace in them ” (p. 229). 

The sum total of the medieval achievement in the natural 
sciences can be put down as a few notes on natural history and 
minerals by St Albert, a treatise on sporting birds by the 
Emperor Frederick II, a serious contribution to magnetism with 
experiments by Peter the Pilgrim, some improvements in 
Alhazen’s optics by Dietrich of Freiburg and Witclo, including 
an account of the rainbow that was not to be bettered till 
Newton, and some not very original criticisms of Aristotle’s 
theory of motion by Buridan and Oresme.^-- On the strength 
of this it is now asserted that the scientific revolution should 
date from the thirteenth century and that St Albert, somewhat 
belatedly canonized in 1931, has the right to be patron saint of 
science. 

Matheinaiics and astronomy 

In mathematics and astronomy, though the showing is better, 
it is essentially the same story. Fibonacci (//. 1202), Leonard 
of Pisa, introduced Arabic algebra and Indian numerals into 
Christendom. He was a considerable mathematician himself 
but left no school, and mathematics made no serious advance 
till Renaissance times. In mechanics, Jordanus Nemorarius 
(d. c. 1237), in a rather simple account of the theory of the 
lever, advanced the principle of the equality of work done by a 
machine to that impressed on it, but this had and could have no 
elfcct on actual mechanics given the state of technique of the 
time. 

In astronomy Ptolemy’s Almagest was translated from the 
Arabic by Gerard of Cremona in 1175. Its study, together with 
the tables of up-to-date observations composed on the basis of 
earlier Arabic observations at the order of King Alfonso the Wise 
in the thirteenth century, made possible the continuation of 
Hellenistic astronomy in Christendom. There, as in Islam, 
it was of use mainly for calendaric and astrological purposes. 
It is worth noting that in observational astronomy, the only 
science where accurate observation, calculation, and prediction 
were necessary, Islamic predominance lasted longer than in any 
other branch of science. The Ilkhanic tables of Maragha 
(e. 1260) and those of Ulugh Beg (1394-1449) were the best 
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Fig. G —medieval 
PRACTICE AND THEORY 

(a) Tlie astrolabe as used : “ I'o 
kiu>w(' every tynie of the day 
by lilit of the sonne, and every 
tyrne of the nyhl by the sterres 
bxe . . 

From a manusrrijil of Chaucer 
reproduced in Early Science in 
Oxford, Vol. 5. 

{h) The great chain of being. 

The divine light illumines 
both angel and man, who are 
connectc'd by the kingdoiri.s of 
unlormed matter, minerals, 
plants, and sentient bcing.s. 

From Bo villus’s De Intel lectu^ 

1510, 
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available until the Renaissance. The medieval astronomers 
showed themselves capable of making some improvements in de¬ 
tail in astronomical calculations, particularly the school at 
Merton College in the fourteenth century.^-^ib They also made 
contributions to trigonometry and the construction of instruments. 
The most important of these was that of Levi ben Gerson of 
Provence (1288-1344), who invented the cross staff, a kind of 
primitive sextant, which served the navigators of the great 
voyages of discovery of the fifteenth and sixteenth centuries. 
It is interesting that apparently the first serious scientific work 
in English is the recently discovered Equatorial Plane tar a 

mechanical device for predicting planetary positions, described 
though not invented by Geoffrey Chaucer (r. 1340-1400), whose 
Treatise on the Astrolabe for little Lewis my son ” has long 
been known.^-^'* There was no radical revision of astronomy, 
for though the opposition—impetus—school of Albert of Saxony 
(/. c. 1357)3 Oresme and, most clearly, Nicholas of Cusa dared 
to suggest that it was the earth and not the heavens that 
turned daily, they did so on philosophic grounds. They were 
not astronomers themselves and professional astronomers 
continued to follow' Ptolemy till well into the seventeenth 
century. 

The limitations of medieval science 
Though the contribution of medieval Christendom to science 
may have been unfairly ignored in the past, the danger today is 
rather to exaggerate its importance to the extent of making the 
whole history of science unintelligible. The significant fact is 
that as a live tradition it flourished only in the twelfth and 
thirteenth centuries and had by the early fifteenth lapsed into 
obscure pedantry which justifies and explains the contempt of 
the men of the Renaissance for Gothic barbarisrn.^*-^ This fact, 
coupled with the practical identity of the subjects treated and 
the methods used by the schoolmen with those of Islamic science, 
point to the conclusion that medieval science as a whole must 
be treated as the end rather than the beginning of an intel¬ 
lectual movement. It was the final phase of a Byzantine- 
Syriac-Islamic adaptation of Hellenistic science to the con¬ 
ditions of a feudal society. It arose as a consequence of the 
breakdown of the old classical economy and was in turn to 
decay and vanish with that of the feudal economy that suc¬ 
ceeded it. 
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It is unfair to expect more of such a science than what was 
demanded from it in its time. Both for the Muslim and the 
Christian natural science had a sharc^ and not a very important 
one^ in the great task ofjustifying the divine order of the universe^ 
whose main features were given by revelation and supported 
by reason^ that is by abstract logic and philosophy. Robert 
Grosseteste^ probably the medieval scholar with the finest mind 
and with the greatest influence on the development of medieval 
science^ thought of that science essentially as a means of 
illustrating theological truths. His study of light and his 
verification by actual experience of the refraction of lenses were 
undertaken because he conceived of light as analogous to the 
divine illumination (Fig. 

Those who thouglit otherwise in the Middle Ages^ and there 
were very few of them^ were likely to be prosecuted for heresy 
or at best ignored. Here again Grosseteste’s pupils Roger 
Bacon^ the most authentic voice from that time preaching a 
science for the service of man and prophesying the conquest of 
Nature through knowledge^ proves how far we have come from 
the medieval outlook. Though he predicted motor ships, cars, 
and aeroplanes, and an alchemical science “ which teaches how 
to discover such things as are capable of prolonging human 
life,” his interest in science was essentially theological. For him 
scientific knowledge is only part, with revelation, of an integral 
wisdom to be contemplated, experienced, and used in the 
service of God. 

The overriding need was to justify the truths of Christianity, 
as pointing to the true end of human existence on earth. 
No knowledge was more important than the scheme of 
salvation and the Church, with its sacraments and organiz¬ 
ation, that was the means of securing it. It was such con¬ 
siderations that directed medieval thought to the ordering of 
all knowledge and experience to build one majestic world- 
picture containing in essence all that it was important for 
man to know. This encyclopaedic tendency reached its 
height in the Middle Ages, not only in the complete logical 
scheme of Thomas Aquinas’ Summa^ but also in other works 
containing more general information like those of Bartholo¬ 
mew the Englishman (/. c. 1230 40) and Vincent of Beauvais 
(d. c, 1260) whose Speculum Aiajus was not equalled in length 
until the French Encyclopedie of the eighteenth century (p. 

371)- 
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The medieval world-picture 

It is necessary to say something here of this medieval world- 
picture if only because modern science arose largely out of the 
attempt to supersede it, and still bears many of the signs of the 
struggle. The main characteristics of the Graico-Arabic- 
medieval system were those of completeness and of hierarchy. 
The ethereal, cosmological scheme of Aristotle (p. 142) and the 
Alexandrian astronomers (p. 156) had become a rigid, theo¬ 
logical-physical world, a world of spheres or orbs—the spheres 
of the moon and the sun; the spheres of the planets; above all 
the great sphere of the fixed stars beyond which lay heaven; 
and, as a theologically necessary counterweight, the under¬ 
world, the circles and pits of hell so grimly described in Dante’s 
Inferno. The world was ordained as one of rank and place. It 
was a compromise between the Aristotelian picture of a per¬ 
manent world and the Jewish and Christian picture of a world 
created by one act, only to be destroyed by another. It was an 
interim world which, though it liad its own rules, was there 
merely as a stage for the playing out of each man’s life on which 
depended his ultimate salvation or damnation. 

Hierarchy 

The hierarchy of society was reproduced in the hierarchy of 
the universe itself; just as there was the pope, bishops, and 
archbishops, the emperor, kings, and nobles, so there was a 
celestial hierarchy of the nine choirs of angels: seraphim, 
cherubim, thrones; dominations, virtues, and powers; princi¬ 
palities, archangels, and angels (all fruits of the imagination of 
the pseudo Dionysius), Each of these had a definite function to 
perform in the running of the universe, and they were attached 
in due rank to the planetary spheres to keep them in appropriate 
motion. The lowest order of mere angels that belonged to the 
sphere of the moon had naturally most to do with the order of 
human beings just below them. In general there was a cosmic 
order, a social order, an order inside the human body, all 
representing states to which Nature tended to return when it 
was disturbed. There was a place for everything and every¬ 
thing knew its place. The elements were in order—earth 
underneath, water above it, air above that, and fire, the 
noblest element, at the top. The noble organs of the body— 
the heart and lungs—were carefully separated by the diaphragm 
from the inferior organs of the belly. The animals and the 
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plants had their appropriate parts to play in this general order, 
not only in providing man with necessities, but even more by 
furnishing him with moral examples—the industriousness of the 
ant, the courage of the lion, the self-sacrifice of the pelican. 
This tremendous, complex, though ordered cosmos was also 
ideally rational. It combined the most logically established 
conclusions of the Ancients with the unquestionable truths of 
Scripture and Church tradition. The schools might differ on 
some of its details but none doubted that it was substantially a 
true picture. The essential problem had, as it seemed, been 
solved for all time. It was possible to have a universe which 
was at the same time practical, theologically sound, and 
eminently reasonable. 

6 ,Gr~THE TRANSFORMATION OF MEDIEVAL 
ECONOMY BY NEW TECHNIQUES 

In the light of this it is easy to see how an attack on any 
part of the universal picture was considered to be something 
much more serious than a mere intellectual adjustment, but 
rather an attack on the whole order of society, of religion, and 
of the universe itself. It was therefore necessary to resist it with 
all the power of Church and State. The medieval system of 
thought was necessarily conservative and if it had been left to 
itself it would probably have been conserved to this day. But 
it was not left to itself. However much the medieval system 
of thought might tend to be static the medieval economy could 
not stay still. 

The feudal system, as has already been explained (p. 2ii), 
contained the seeds of its own transformation. Greater trade 
and improved techniques of transport and manufacture drove 
relentlessly towards a commodity and money economy in place 
of one based on prescribed service. It was the technical aspect 
of this economic revolution that was to be the decisive factor in 
creating a new, progressive, experimental science to take the 
place of the static, rational science of the Middle Ages. It was 
to present the men of the Renaissance with situations and 
problems that the old knowledge was inadequate to deal with. 

These intellectual adjustments consequently belong to the 
later period, but the essential technical changes themselves 
took place during the Middle Ages and indeed represent their 
most significant contribution to the scientific civilization of the 
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future. In such an apparently well-ordered and static society 
these technical changes remained for long unrecognized because 
they were for the most part beneath the notice of the clerical 
chroniclers^ though they appear prominently enough in 
manorial accounts and lawsuits. We have one precious 
document in the note-book of a master mason^ Villard de 
Honnecourt (r. i25o)/’*‘2 containing accounts and drawings of 
many mechanical devices. Very few of the medieval scholars 
mentioned technical matters and fewer still tried to understand 
them. How exceptional such an interest was is shown by 
Roger Bacon’s eulogy of Peter the Pilgrim: 

He knows natural science by experiment^ and medica¬ 
ments and alchemy and all things in the heavens or 
beneath thciUj and he would be ashamed if any layman^ or 
old woman or rustic, or soldier should know anything 
about the soil that he was ignorant of. Whence he is 
conversant with the casting of metals and the working of 
gold, silver, and other metals and all minerals; he knows 
all about soldiering and arms and hunting; he has 
examined agriculture and land surveying and farming; he 
has further considered old wives’ magic and fortune- 
telling and the charms of them and of all magicians, and 
the tricks and illusions of jugglers. But as honour and 
rewards would hinder him from the greatness of his 
experimental work he scorns them. 

Such an ideal was very far, however, from the aspiration of the 
schoolmen, who paid little attention to matters with so little 
bearing on salvation or preferment. The Renaissance 
humanists, who thought all good things came straight from 
Greece or Rome, for their part deliberately ignored them. 
They were in revolt against the whole achievement of the 
Middle Ages, which they stigmatized as barbarous and Gothic. 

Medieval architecture 

Yet we, who are no longer fighting a life-and-death struggle 
against feudalism, have only to look at the development of that 
Gothic architecture, from the dark massiveness of the Norman 
to the luminous lightness of the perpendicular, to see that those 
three centuries span a world in rapid technical advance. 
Architecture was indeed the greatest and most characteristic 
expression of medieval technique and thought. It was, how¬ 
ever, a purely technical rather than a scientific achievement. 
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The marvellous construction of vault and buttress^ far more 
daring than anything the Romans or Greeks attempted, were 
the result of a series of ad hoc solutions to practical difficulties. 
Theory did not enter into them at all; nor could it, for the 
theory of the arch, apart from the working knowledge of it, was 
only discovered in our time. For the same reason medieval 
architecture contributed little, directly or indirectly, to the 
advance of science. It was different with other innovations^ some 
of which, like the compass or gunpowder^ were to furnish the bases 
of the new science, while others, like horse harness and the stern- 
post rudder, were to affect science indirectly through the im¬ 
provement in productivity they brought about. 

Technical innovations from the East and China 

The technical advances of the Middle Ages were made 
possible by the exploitation and development of inventions and 
discoveries which, taken together, were to give Europeans 
greater powers of controlling and ultimately of understanding 
the world than they could get from the classical heritage. 
Significantly, the major inventions—those of the horse-collar, the 
clock, the compass, thesternpost rudder, gunpowder, paper, and 
printing—were not themselves developed in feudal Europe. All 
seem to liavc come from the East and most of them ultimately 
from China; from Europe came only alcohol and the clock. 

As we come to know more about the history of science in 
China (and there Dr Joseph Needham’s great study of the 
origins and history of Chinese techniques and science will be 
invaluable),we are beginning to see the enormous import¬ 
ance for the whole world of Chinese technical developments. 
Already enough is known to show that the whole concept of the 
superiority of Western Christian civilization is one based on an 
arrogant ignorance of the rest of the world. Transmission is 
always difficult to prove, but the fact remains that many 
inventions only appearing in the tenth century or later in 
western Europe were fully described in China in the very first 
centuries of our era. 

What still requires to be explained is why this early technical 
advance in China, and to a lesser extent in India and Islamic 
countries, after a promising start came to a dead stop before the 
fifteenth century, and why it resulted in the formation of 
Oriental civilizations with a high but static technical level. 
The reason given by Dr Needham as especially applicable to 
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Fig. 7.—technique AND .SCIENCE IN EARLY CHINA 

(a) Rubbing from tomb of Wu Liang, a.d. 147, showing improved horse harness 
and shafts. 

W Reconstruction by Wang Chcn-To of earliest form of compass. The balanced 
spoon is made of magnetite. The board is a diviner’s board of Han times, 
c. A.D. 100. 
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China is the rise of a bureaucracy—the Mandarins—with a 
literary education^ having no interest in improving technique 
and being very concerned with keeping down the merchants^ 
who alone could have driven techniques forward by opening up 
new markets. 

It was precisely this that was to happen in Europe. The 
new inventions^ in the measure in which they came to be used^ 
set in motion a revolution in technique which contributed in a 
cumulative way to the breakdown of feudal organization 
through increased productivity and trade. Better means of 
agricultural production in the villages meant more surplus to 
exchange. Better transport of bulk goods relieved the need to 
produce everything from land more suited to a particular crop, 
and thus indirectly increased productivity. For instance, 
whole districts round Bordeaux were given up to wine-growing 
in the thirteenth century, for wine was the first bulk cargo, as 
witness our present heavy unit of weight, the ton—originally the 
weight of a tun or a barrel of wine. Trade in turn enhanced 
the importance of merchants and thus of the towns, and handi¬ 
craft industry began to grow in town and country. 

The characteristic of medieval economy most significant for 
the future was that the towns did not dominate the country. 
The feudal system maintained this independence, and the absence 
of slaves prevented the rise of factories on the classical pattern. 
The industry which arose from the new inventions was spread 
over hundreds of villages. This was particularly so when mills 
became a main source of power not only for grinding corn, but 
also for a variety of industrial processes from fulling to forging. 
Mining and smelting had necessarily to be scattered, country 
industries. This rural location increased the chronic labour 
shortage already mentioned, and put a premium on mechanical 
ingenuity. Moreover, by going to the country the restrictions 
imposed by town guildsmen on new processes which would put 
them out of work could be evaded. 

The new horse harness 

Of the inventions listed, the first two, the horse-collar and 
the mill, were essentially more efficient ways of transmitting 
power. Of these the first had the most immediate effect; by 
substituting a collar, pulling on the shoulders of the horse, for a 
band across his breast, which constricted his windpipe, the 
permissible tractive effort was increased fivefold.^*®® This 
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innovation^ coming from seventh-century China^ reached 
Europe early in the eleventh century. Its immediate results 
were that horses could take the place of oxen at the plough, and 
in addition acres of land unsuited to ox-ploughing could be 
cultivated. At the same time the horse-cart took the place of 
the ox-cart. The simultaneous introduction of nailed horse¬ 
shoes put the horse on the road for pack and wagon transport. 
The advantages of the new horse harness accrued in the first 
place to the countries of the Franks and Normans and began 
to make the area round the North Sea and the Channel, already 
favoured by good soil and a drought-free climate, a major centre 
of production. The surplus of corn, fish, hides, raw wool, and 
cloth—the main commodities of the new heavy merchandise— 
could then be exchanged at great fairs, such as those of Cham¬ 
pagne, for the more finislied but lighter products of the East 
and the South. 

The water-mill and wmdmill 

The actual invention of water-mills belongs to the classical 
period; one is described by Vitruvius (c. 50 b.g.). The mill, 
however, has a right to be considered as a medieval device 
because it was only in the Middle Ages that it came to be widely 
used. Roman mills were few; they were a feature neither 
of the towns nor the villages; slaves could always be found to 
do the work. In contrast, the mill was, from the start, an 
integral feature of feudal economy. A mill and a miller were 
to be found in almost every manor (5,000 of them are listed 
in the Domesday Book) and the lord made full use of his right 
to demand that all his serfs have their corn ground at his mill. 

Nor were mills limited to grinding corn; they opened the 
way to a more general use of power. Wherever steady or 
repeated applications of force were necessary to which work 
could be brought—for the mill was intrinsically static—mill 
mechanism could be adapted. For the conversion of rotary 
into reciprical motion came two devices, both apparently from 
China, the trip-hammer and the crank;®-* the latter is 
important because, unlike the trip-hammer, it can also be used 
to convert reciprocal into rotary motion. Windmills, appar¬ 
ently from Persia, reached Europe about 1150. Mills were 
used for fulling cloth, blowing bellows, forging iron, or sawing 
wood, but not until the Industrial Revolution (p. 367) for the 
equally arduous but more scattered tasks of spinning, weaving, 
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or threshing. The very fact of the use and rapid development 
in Europe of mills for so many purposes bears witness to the 
shortage of labour and to the connection between this and 
technical and scientific development. 

Wind and water-mills needed to be made and serviced^ a task 
beyond the skill of most village smiths. So there grew up a 
trade of millwrights who went about the country making and 
mending mills. These men were the first mechanics in the 
modern sense of the word. They understood how gears could 
be made and how they worked as well as the management of 
dams and sluices^ which made them hydraulic as well as 
mechanical engineers. They were the repositories of in¬ 
genuity from which the Renaissance^ and even more the 
Industrial Revolution which followed it (p. 389), drew the 
craftsmen who alone could have put into practice the ideas of 
the new philosophy. 

The dock and the watch 

It was the work of the millwright also that gave rise to the 
first genuinely European invention—that of the clock. The 
clocks as its name implies, was originally just the bell (cloche) 
rung to mark the hours of service—later all the hours. It was 
rung by a watchman using an hour glass. Somewhere in the 
eleventh century an ingenious mechanism, the verge and 
folliot, which imparted a to-and-fro motion to the clapper, was 
devised. All the watch had to do was to release a weight 
which, through a train of (essentially a lighter form of 

millwork), struck the appropriate hour. It occurred to some 
millwright or monk that the same mechanism working over and 
over again could be used to tell the time itself, thus making a 
mechanical watch —it is still known in the trade—and 
eliminating the watchman. So the mechanical clocky which 
included the watch, was born, the prototype of modern auto¬ 
matic machinery—self-regulating as well as self-moving. 

Timepieces are of course of great antiquity. The Arabs 
improved greatly on the Greek water-clocks and made them the 
basis of many complicated and automatic devices; but these 
were operated by floats and cords and lacked the precision and 
the force of trains of gear wheels. It is tempting to find in the 
invention of the mechanical clock the point where Western 
ingenuity gained its first small but ultimately decisive advantage 
over the East, from which it had drawn most of its stock of ideas. 
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Clocks were objects of prestige, rather than of use. They were 
the pride of towns or cathedrals, but the rare trade of clock- 
maker and afterwards of watchmaker was in the Renaissance to 
become for science what the millwright was to be for industry— 
a fruitful source of ingenuity and workmanship. 

The mariner^s compass 

The observation of the directive power of tlie earth’s mag¬ 
netism on a natural magnet or lodestonc must have been one of 
the most difficult, as well as the most important, of scientific 
discoveries. There seems little doubt that the directive 
property of a pivoted lodestone was known to the Chinese 
several centuries before we have any record of its use elsewhere. 

The discovery seems to have been made, according to Dr 
Needham,^* as a by-product of geoman tic divination—a prac¬ 
tice of throwing objects on a board and foretelling the future 
from the way they lay. These practices still continue and 
have, incidentally, given us most table games, including dice, 
cards, and chess. One object was the sign of the North, the 
Great Bear or Dipper, represented in the form of a spoon. 
Such spoons cut from lodestonc—one of tlie five sacred stones— 
would always point in one direction. It was discovered 
before the sixth century that this pointing property was also 
possessed by pieces of iron touched by the lodestone or even 
allowed to cool when pointing north and south. A water 
compass in which such a piece of iron was supported on wood is 
fully described in the eleventh century, but was probably known 
long before. This is the traditional Chinese compass, its 
association with the divining boards being shown by the sym¬ 
bols on its frame (Fig. 6). How it passed to the West is still a 
mystery. There is a reference to it as already well known in 
a twelfth-century saga. The pivoted needle and the card with 
the windrose seem to be Italian inventions of the thirteenth 
century.®*® 

The slow development of the compass after its first discovery 
bears all the marks of traditional, technical improvement; but 
science was early invoked to explain its action. The first original 
scientific work of western Christendom was Epistola de Magnete 
(1269), the work of Peter the Pilgrim (de Mericourt), the con¬ 
temporary of Roger Bacon, who admired him as the greatest and 
most practical scientist of the age (p. 229). It shows a great in¬ 
dependence of thought and a capacity for planning and carrying 
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out a sequence of experiments. From this work—after a long 
interval “ were to stem the researches of Norman and Gilbert 
(pp. 299 f.)^ from which was to come the whole of the theory 
and practice of magnetism and electricity. Not only that, 
but the influence of the magnet on the compass was to provide 
the real scientific basis of the doctrines of influence and induc¬ 
tions which had previously been purely magical. Even more 
important, it was to furnish a working model of the doctrine of 
attractions which permeated the whole of science, and which 
was to be the guiding star of the great synthesis of Newton. 

The sternpost rudder 

The sternpost rudder also apparently came from China. 
The Chinese junk is radically different from the ship in that, 
while the latter was developed from the original dug-out canoe 
by building up the sides around a central keel, the former is 
derived from a bamboo raft by lifting up bow and stern,3.21 
It has no keel and the natural place for the rudder is the middle 
of the stern. In Europe the central rudder was more difficult 
to attach because of the old sloping form of the keel at the stern, 
and a steering oar fixed to the starboard was used, but once 
this was done by adding the vertical sternpost somewhere in the 
thirteenth century, it made the deeper-keeled European vessels, 
based on Viking models, much better sailers. A course could 
now be held with sails set closer to the wind. This in turn led 
to the development of the fore-and-aft sail from the older 
lateen sail. Winds astern had no longer to be waited for and 
voyages could be mad(! in rougher weather. 

The two navigational inventions, the compass and the stern- 
post rudder, were to have an effect at sea of importance com¬ 
parable to that of the horse harness on land. Their use made 
open sea voyages feasible, and such voyages largely took the 
place of the roundabout coasting of earlier times. They 
threw the oceans, for the first time, open to exploration, war, 
and trade, with enormous and rapid economic and political 
results. 

Navigation 

The scientific consequences of the development of navigation 
were to be of critical importance. Open-sea navigation^ even 
in the Mediterranean, required astronomic observations and 
charts, and gave a direct stimulus to the development of an 
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astronomy capable of accurate predictions^ of a new quantita¬ 
tive geography, and of instruments suitable for use on ship¬ 
board. Ocean navigation further raised the urgent problem of 
finding the longitude, at which all the great astronomers of the. 
seventeenth century were to try their hand. The need for 
compasses and other navigating instruments brought into 
existence a new skilled industry, that of the instrument makers, 
whose subsequent influence on science, particularly in setting 
higher and higher standards for accurate measurement, was 
enormous. Many scientists, including Newton himself, were 
instrument makers, and one instrument maker. Watt, was to 
have a revolutionary effect on industry and on science. 

Gunpowder and cannon 

Of all the inventions introduced to the West in the Middle 
Ages, it was the most destructive—gunpowder—that was to have 
the greatest effect politically, economically, and scientifically. 
The original invention has been claimed for the Arabs and the 
Byzantine Greeks, but the balance of evidence is for a Chinese 
origin. The key to its operation is the addition of a nitrate 
(nitre) to make combustible substances burn without air. 
Nitre occurs naturally in some salt-pans and also in over¬ 
manured ground. Either it was first used by chance, in fire¬ 
work compositions, or possibly it was noticed that using it instead 
of soda (natron) as a flux with charcoal led to a bright flash and 
mild explosion. In China for some centuries it was used merely 
for fireworks and rockets. 

The military importance of gunpowder started when it was 
used in the cannon, perhaps derived from the fire-tube of the 
Byzantines, but more probably from the bamboo cracker of the 
Chinese. The very name of the barrel of a cannon indicates its 
primitive construction from iron staves hooped together. The 
cannon, and the hand-guns which soon followed them, were 
effective in war not so much because their range or power 
exceeded that of the old catapults and ballistse, but because, for 
all their clumsiness and cost, they were far cheaper and more 
mobile. Their use in battle and sieges initiated a technical 
revolution in warfare, comparable only with that which took 
place at the beginning of the Iron Age 3,000 years before. 

Against foes without it, gunpowder, with cannon and 
muskets, gave practical invincibility and thus put “ civilized ” 
man in a position of effective superiority against far more 
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numerous “ natives.” But even among the civilized it enor¬ 
mously altered the balance of power. Once cannon came in 
they became a necessity for victory, and from an economy turned 
into a new expense of war. Only wealthy republics or kings 
backed by merchants could command sources of metal and the 
technical skill to fashion it into cannon. This fact broke the 
independence of the land-based aristocracy as surely as their 
castles were battered down by cannon balls. The triumph of 
gunpowder was the triumph of the national State and the 
beginning of the end of feudal order. 

At sea the effect of gunpowder was no less important. Used 
in naval guns, mounted in ships directed by the new astronomy 
and the compass, gunpowder was to make the western 
Europeans supreme over the sea-ways of the world from that 
time to the middle of the present century. It enabled Euro¬ 
peans to stamp their pattern of culture on others, originally by 
no means inferior, culturally or militarily. More immediately 
it enabled them to concentrate the accessible wealth of the world 
in their hands, and so to possess the accumulation of capital 
which financed the Industrial Revolution. 

The scientific consequences of gunpowder—chemical and physical 

Ultimately, however, it was the effects of gunpowder on 
science rather than on warfare that were to have the greatest 
influence in bringing about the Machine Age. Gunpowder and 
the cannon not only blew up the medieval world economically 
and politically; they were major forces in destroying its 
system of ideas. As Mayow put it, ‘‘ Nitre has made as much 
noise in philosophy as it has in war.” In the first place they 
were something new in the world—the Greeks did not have a 
word for them. In the second place the making of gun¬ 
powder, its explosion, the expulsion of the ball from the cannon, 
and its subsequent flight furnished problems the practical 
solution of which led to a search for causes of a new kind and the 
creation of new sciences (Fig. lo). 

Whatever the origin of gunpowder, the essential ingredient 
—nitre (potassium nitrate)—could have been produced only as 
the result of a careful study of the separation and purification of 
salts, probably in connection with alchemy. Wherever it had 
to be made it turned attention to the phenomena of solution 
and crystallization. Moreover, to explain the explosion of 
gunpowder taxed medieval chemistry and physics to the utmost. 
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It was clearly an action of fire^ but unlike all other terrestrial 
fires it did not require air. This led to the speculation that the 
air was provided by the nitre and conversely that air con¬ 
tained nitre^ or at least a nitrous spirit {anima). It thus 
became the model for all subsequent attempts to explain com¬ 
bustion and with it breathing, that animal necessity for air. 
Ultimately, after four centuries of argument and experiment, 
it was to lead to the discovery of oxygen and with it to the 
whole of modern chemistry (pp. 445 f.). 

The force of the explosion itself, and the expulsion of the 
ball from the barrel of the cannon, was a powerful indication of 
the possibility of making practical use of natural forces, par¬ 
ticularly of fire, and was the inspiration behind the development 
of the steam-engine (pp. 414 ff.). Later we shall see how the 
machinery developed for the boring of cannon (p. 418) was to be 
used in making accurate cylinders which gave the early steam- 
engines a chance to prove their efficiency. 

Finally, the movement of the cannon ball in the air—ballistics 
—was to be the inspiration for the new study of dynamics. 
The classical scientists had studied bodies at rest, or bodies 
acting on each other with relatively steady forces. The new 
world was to consider the problem of bodies in violent motion, 
and on this basis was to found a new and much more com¬ 
prehensive mechanics. Impetus theory came long before the 
cannon, but the interest in the flight of shot focused a new 
interest in it. The new mechanics differed from the classical 
in one vitally important respect: it depended on, and in turn 
generated, mathematics—it was quantitative and numerical. 

Distillation and alcohol 

The first preparation of strong spirits of wine was made 
in Europe in the twelfth century, although most of the steps 
leading up to it had already been taken in their development of 
distillation by the Arabs. The last decisive step was probably 
made in Salerno, whose medical school was already famous. 
It had been founded in the ninth century, and eventually 
absorbed the best of Arab science from that melting-pot of 
Greek, Arab, and Norman culture—Sicily. As the distillation 
of perfumes and oils was already known, alcohol was probably 
hit on by accident in the course of some medicinal preparation. 
The clue to its preparation was to cool the still-head or alembic 
sufficiently to condense the alcohol as well as the water.^-^^ 
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The resulting distillate was first drunk as a rare medicine and its 
cordial properties were noted. Soon it could be made strong 
enough to burn, which added much to its prestige. In the 
fourteenth century^ Raymond Lull is alleged to have distilled 
wine with quicklime and produced nearly absolute alcohol. 
The name is a misnomer; the Arabic term really applies first 
to eye-paint and then to any fine powder. The great demand 
for alcohol—fire water^ usquebaugh^ whisky, burnt wine, brandy 
wine—came only with the Black Death in the fourteenth 
century. It was believed that those who drank it regularly 
would never die, hence the name aqua vitce. After that it got 
right out of the control of the doctors and began to be produced in 
quantity, as attested by the numerous laws promulgated against 
its use. Alcohol gave rise to tlic first scientific industry, that of 
the distillers, the foundation of the modern chemical industry. 

The social and scientific results of the preparation of alcohol 
were manifold. The most obvious, the effects of drinking it 
and the craving it produces, were of no great social importance 
in Europe, but in heathen parts alcohol was second only to 
gunpowder in its civilizing mission. (Manhattan Island was 
purchased by the Dutch from the Indians in 1626 for three 
barrels of rum. The name means “ the place where we got 
drunk.”) For science, alcohol had a double significance— 
chemical and physical. The capture of the spirits of alcohol 
gave great impetus to applying the same method to other sub¬ 
stances. Now, the far more efficient, water-cooled condensers 
that were produced by the industry meant that other volatiles, 
such as ether, might be condensed. The still and condenser 
supplemented the alembic and retort as the chief laboratory 
apparatus tools and made organic chemistry possible. 

The physical processes of distillation, particularly the strange 
transfer of heat from the fire to the condenser water, proved very 
difficult to understand. As we shall see (p. 416), it was left for 
Black in the eighteenth century to draw from it the doctrine of 
latent heat—which was the beginning of thermodynamics. In 
turn it was from this doctrine that Black’s instrument maker. 
Watt, invented the separate condenser and produced the first 
thermally efficient engine. 

Lenses and spectacles 

The discovery of lenses already described (p. 202), led by 
1350 to the invention of spectacles, apparently in Italy. Their 
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use gave still further impetus to the study of optics. Grosse¬ 
teste, Roger Bacon, and Dietrich of Freiburg made contribu¬ 
tions to science in explaining the action of the lens both in 
focusing light-rays and in magnification.®*^® What is perhaps 
even more important^ the demand for spectacles gave rise to 
the trades of the lens grinders and spectacle-makers. It is to one 
of them^ traditionally Lippershey in 1608^ that we owe the 
invention of the telescope^ and it would seem, at least at that 
stage, that the casual combination of lenses, possible only in a 
spectacle-maker’s shop, was more fruitful than any theoretical 
conjectures on the magnification of images. 

Paper 

The last two technical introductions from the East, which 
were fated to have a far greater effect in the West than in their 
land of origin, were the linked inventions of paper and printing. 
The need for a writing material cheaper than the very expensive 
parchment, became more and more urgent with the spread of 
literacy. The process of paper-making was developed originally 
in China, based on vegetable fibres. It was already being 
used there as a cheap writing material in the first century b.c. 
It was introduced to Europe via the Arabs in the twelfth 
century. In Europe linen rags provided the basis for the first 
paper of quality, since then unexcelled. Paper turned out to 
be so good and cheap that its increased availability led in turn 
to a shortage of copyists and hence to the success of the new 
method of copying which printing provided. 

Printing 

The technique of printing is not a very difficult one to invent 
or to practise. In fact in seals, rubbings, and stampings it has 
been used since the very earliest times. Its rapid spread in 
Europe was an example of a social and organizational need 
making use of and further developing a technical device. 
Before a need can be effective it must be felt to exist. But 
the particular need that brings the technique into existence is 
not necessarily the main one that the new technique ultimately 
comes to serve. 

Even in the late Middle Ages few people were aware of the 
need for a large quantity of paper books. In fact, printing 
would probably not have been developed in the first place 
merely for literary purposes. The full value of printing is felt 

241 



MEDIEVAL SCIENCE AND TECHNIQ^UE 

only when large numbers of cheap copies of one text are needed. 
Consequently it is not surprising that it first arose in the East 
for the reproduction of Taoist or Buddhist prayers^ where 
quantity is a definite spiritual advantage, and later for the 
printing of paper money, which also implies large numbers. 
In the West, oddly enough, it was another use, the development 
of playing-cards, originally a form of divinatory magic, that 
gave rise to the need for large-scale block printing, with papal 
indulgences, prayers, and sacred images not far behind. 

Cheap bookSy religion^ and the new learning 

Printing with movable wooden type was originally a Chinese 
invention of the eleventh century. Movable metal types were 
first used by the Koreans in the fourteenth century. It was 
introduced into Europe in the mid-fifteenth century and spread 
extraordinarily rapidly, first for prayers and then for books. 
The new, cheap, printed books promoted reading and thus 
created the need for more books, so setting off a kind of explosive 
or chain reaction. Naturally the printers first concentrated on 
producing larger numbers of the books that had been more in 
demand as manuscripts. The original centre of interest was in 
religion and particularly in the Bible, whose printing and 
dissemination to the rising middle classes fell in with the new 
trend of emancipation of thought from Church control that 
was to lead to the Reformation. A close second was literature 
and poetry, both ancient and modern, for the delight of the 
now cultured aristocracy and upper bourgeoisie of the 
Renaissance. 

Later still, largely in the sixteenth century, printing was to be 
the medium for great technical and scientific changes by its 
setting out at large, for all to read and see, descriptions of the 
world of Nature, particularly of its newly discovered regions, 
and also, for the first time, of the processes of the arts and 
trades. Hitherto the techniques of the craftsmen had been 
traditional and never written down. They were passed on from 
master to apprentice by direct experience. Printed books 
made it first possible and then necessary for craftsmen to be 
literate. Their descriptions of technical processes, and even 
more their illustrations^ helped to bring about for the first time 
close relations between the trades, the arts, and the learned 
professions (p. 264). 
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6 .^—THE DEVELOPMENT OF LATE MEDIEVAL 
ECONOMY 

This discussion of the importance of printing has brought 
us beyond the limits of the Middle Ages but^ before passing to 
a consideration of the revolution in science of the Renaissance^ 
it is necessary to assess the effect of these and other technical 
advances taken together on the economy and ideas of the late 
Middle Ages. Over the countryside as a whole the combined 
effects of improved production and transport were to increase 
the gross surplus of the village and consequently the amount of 
manufactures that could be consumed there. 

All over Europe, though the dominance of feudal lords 
was not yet shaken, wealthy peasants and urban workers 
strengthened their position and began to provide a large-scale 
market. This in turn stimulated the manufacture of goods, 
particularly of semi-luxuries like wine and good cloth (rough 
cloth was still spun and w^oven at home), and the production of 
extra food, like salt fish, and also of metals, particularly iron for 
tools and weapons. These manufactures, though carried on 
more often in the country as a part-time peasant occupation, 
were dominated by tow^n merchants. By the mid-thirteenth 
century, which may be thought of as the turning point of the 
Middle Ages, the rich town merchants had acquired through 
their dominance of the guilds a monopoly position which 
they used in order to buy cheap and sell dear. 

These town oligarchies w^rc often in violent opposition to 
each other, sometimes to the extent of war. Towards the latter 
part of the Middle Ages they began to appreciate the value of 
co-operation for the common exploitation of less developed 
territories. The most famous of these associations was the 
North German Hanse, centred on the exploitation of the 
Baltic trade. From about 1358 to 1550 it virtually ruled the 
old Viking strongholds of Scandinavia. The Hanse had its 
own navy and maintained factories in other towns, from the 
Steelyard in London to Novgorod, with extra-territorial rights. 
By concentrating on buying up raw materials in outlying 
countries and selling them as finished goods, it depressed the 
development of industry outside its own cities. 

This extension of the range of action of city leagues post¬ 
poned but did not remove the causes of conflict inside the 
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cities. Nor was it possible for foreign merchants to maintain 
commercial domination indefinitely in the face of the growth of 
native resources. Britain, for instance, was, up to the fifteenth 
century, a country exporting raw wool which was worked up in 
Flanders and Italy.^-®-'^ Financially it was dominated by Lom¬ 
bards, Florentines, and Hansards. It had become, in fact, a 
semi-colonial country though, like the North American colonies 
in the eighteenth century, one with such resources that its 
economic independence was only to be a matter of time. Indeed 
its emancipation started with the development of the domestic 
weaving of wool as early as the fourteenth century. 

In the most advanced medieval cities, those of Italy and the 
Low Countries, the rule of the wealthy guildsmen provoked 
revolts of the craftsmen, like that of the Ciompi in Florence in 
1378 and of the weavers of Bruges, Liege, and Ghent from 1302 
to 1382. Though these revolts succeeded, they did not lead to 
the achievement of city democracies of the Greek type, because 
the medieval cities were set in a far more developed and 
populous feudal countryside. Instead, the final result of 
struggles inside or between cities was to strengthen either the 
feudal kings or the merchant princes and hired captains 
{condottieri)y who seized power in Italy. This was to lead to the 
establishment of the nation States of the Renaissance, still 
feudal in essence but centred on the towns. It was only in a 
later period that the capitalist system was to grow from this 
bourgeois nucleus. 

Commerce and mathematics 

It is to the cities, therefore, that we must look for the develop¬ 
ment of ideas and particularly of science in the later Middle 
Ages. Here were growing up a new lay intelligentsia, good 
Christians but largely independent of, and in some degree in 
opposition to, the Church, which was still by far the greatest 
landowner, and firmly attached to the feudal system. At first, 
however, their interests hardly clashed, for the new bourgeoisie 
were interested more in profit and display than belief. Com¬ 
mercial arithmetic, fine craftsmanship, and art concerned them 
far more than the disputes of the schools. It was only later, 
when they found the Church an obstacle to their increasing 
wealth and power, that they were to become the most ardent 
advocates of reform. 

The Arabic numbers introduced by Leonardo Fibonacci 
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in 1202 found their main use in commercial accountancy. 
Within a few decades the four rules of arithmetic^ hitherto a 
mystery confined to a handful of mathematicians, became a 
necessary training for every merchant apprentice, incidentally 
creating a large body of persons able to appreciate mathematics. 
The result was symbolic algebra and the signs of + and 
originally checkers’ marks for over and below weight. It was 
the same mercantile interest that first kept up and later im¬ 
proved astronomical tables and new maps for the benefit of 
navigation. 

Art and science 

The increased wealth of the merchants gave a new impulse 
to art and at the same time changed its objects and its style. 
Though still expressed in a religious form, it was no longer 
the Church art of the early medieval period as embodied in 
the Gothic cathedrals. Illustrations from Nature took the place 
of theological symbolism. Art was becoming at the same time 
more secular and more naturalistic. Much of the surplus 
accumulated by the merchants was spent on mansions and 
pictures, partly for pleasure, partly for prestige.^*®^ The number 
of craftsmen multiplied, and their techniques were continuously 
improved. In textiles, pottery, glass, and metal-work there was 
ample incentive and opportunity for practical research in the 
properties of matter, physical and chemical. This was to 
provide the material basis for the revival of science. The 
stage was set for the full flourishing of the Renaissance. 

6.8—r//£ ACHIEVEMENT OF THE MIDDLE 

AGES 

The legacy of the Middle Ages was essentially economic, 
technical, and political. Its intellectual contribution was not 
so lasting. For whereas the foundation laid by feudal economy 
modified by urban trade was able to support the further 
advances of the Renaissance and the Industrial Revolution 
without any breakdown, the ideas of the Middle Ages had to be 
ruthlessly scrapped before a new scientific philosophy could 
take their place. This is not to disparage the enormous 
intellectual effort of the scholars of the Middle Ages involved in 
recovering and absorbing the elements of classical science. 
However, for the reasons already discussed, they were as 
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incapable as the Arabs before them of advancing beyond the 
limits that had been reached by Aristotle nearly 2^000 years 
earlier. 

The medieval contributions were certainly more finished 
than those of the Arabs. They had established the principles 
of the scientific method. Robert Grosseteste at the outset of 
the period had stated the double method of resolution and 
composition or of induction and deduction as clearly as Newton was 
to put it 500 years later.^*^^’ But method without either the 
desire or the means to use it is almost worse than useless. The 
complacency it generates is in itself a bar to advance. 

The fundamental reason why that advance was so long- 
delayed was that in a feudal economy, Islamic or Christian, 
there was no way in which rational science could be used to any 
practical advantage. Astrology was esteemed enough by 
princes to keep astronomy going, and alchemy may have 
improved chemical technique, but owed little to reason, its 
theories being almost pure magic. As long as science was 
called on mainly to provide examples for theologians there 
was no reason to demand more than a formal analogy to 
experience. The searcliing test of practical use need never be 
applied. Science through the Middle Ages was accordingly 
largely confined to book learning and disputation. The in¬ 
tellectual advances that were to come later owed little to the 
schoolmen except the stimulus provided by the desire to prove 
them wrong. They were to come rather from the combination 
of the rediscovery of the best of classical thought with the new 


Table 3.. -Science and Feudalism : Salvaging the Hellenic Legacy 

{Chapters 5 and 6 ) 

This table covers the 900 years from 500 to 1400. Throughout, the content of 
scientific thought—it would be hardly accurate to call it advance—is essentially 
Hellenic and indeed marks a direct continuation of that covered in I’able 2. In 
contrast, the areas in which science was studied werfr far more widely scattered 
and the centres of interest in science varied with the time. Alexandria, Syria, 
Persia, Central Asia, India, China, w^ere all active in the first part of the period, 
Spain, Italy, France, England, and the Low Countries in the latter part. It can 
be seen that, apart from a small burst of activity under Justinian, the three other 
significant but not major bursts occurred in Islamic Asia in the ninth centuiy, in 
Islamic Spain in the eleventh, and in France in the thirteenth century. It is 
difficult to assign precise dates to the technical developments that were to be 
decisive in the next phase, such as the compass and gunpowder. All that can 
usually be indicated is the approximate date of introduction into Europe. 
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experimental methods inspired by a new practical interest in the 
world of Nature and art. 

Much more significant for the future than medieval thought 
was the impressive total of technical development in manu¬ 
facture and transport, and the legacy of difficult practical 
problems requiring the application of intelligence for their 
solution. The question raised at the outset as to what deter¬ 
mined the time and place of the birth of modern science (p. 32) 
can be partly answered in terms of these considerations. 
Of the heirs to the first great burst of Hellenistic natural 
science, only western Europe was in a shape to make any 
forward move. By the fifteenth century the Islamic world had 
collapsed economically and had been ruined by internecine 
war and invasion. For all the later successes of the Turks and 
Moguls it had lost its intellectual drive. Its religion had 
ceased to be liberal and shrank to a narrow orthodoxy. India 
had become a battleground between waves of Islamic invaders 


Map 3.— medieval EUROPE 


'Phis map illustrates the distribution of towns and centres of learning in Medieval 
Christendom discussed in Chapter 6. It brings out the concentration on the 
central spine of Europe (pp. 209 f.) and the two major trade routes of the Rh6ne 
and the Rhine running on each side of the Alpine barrier. Four areas are specially 
indicated as centres of economic revival: the North Sea area (N); the two Italian 
areas of Lombardy (L) and Tuscany (T); and the West Mediterranean area of 
Provence and Languedoc (P) which might be stretched to include Barcelona and 
the Balearic Islands. The embryonic industrial areas also marked are the cop})er 
and silver mines of Saxony (i), the tin mines of Cornwall (2), the iron mines of 
Styria (3), and the coalfields of New'castle (4). 
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and a Hinduism frozen in a caste structure that provided 
stability at the expense of any possibility of advance. China 
preserved its old culture, but with a State system that prevented 
it^ and would prevent it for another 400 years, from taking the 
necessary step of linking technique and book learning. 

In Europe itself, however, it was by no means clear by the 
beginning of the fifteenth century, with the evident decay of 
feudal society, that the future held anything better. Never¬ 
theless, though the old society was dying, a new one was taking 
its place, one able to make far greater use of the heritage of the 
soil of Europe and the labour of its people than had the lords 
and prelates of the Middle Ages. 
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Part IV 

THE BIRTH OF MODERN SCIENCE 


INTRODUCTION 

T he development of towns, trade, and industry that was 
gaining momentum towards the end of the Middle Ages 
was to prove incompatible with the economy of feudal¬ 
ism. These changes slowly maturing under the surface of 
the feudal order finally found expression, and in one place 
after another inaugurated a new order in economy and science. 
With better techniques, better modes of transport, and more 
ample markets, the production of commodities for sale steadily 
increased. The towns where these markets were found had long 
played a subsidiary, almost parasitic, role in feudal economy; 
but by the fifteenth century the burghers or bourgeoisie had 
grown so strong that they were beginning to transform that 
economy into one in which money payments and not forced 
services determined the form of production. The triumph of 
the bourgeoisie, and of the capitalist system of economy which 
they evolved, took place only after the most severe political, 
religious, and intellectual struggles. Naturally the process of 
transformation was slow and uneven; it had begun already in 
the thirteenth century in Italy, yet it was not until the mid¬ 
seventeenth century that the bourgeoisie had established their 
rule even in the most progressive countries of Britain and Hol¬ 
land. Another hundred years were to elapse before the same 
class had come to control the whole of Europe. 

The same period—1450-1690—that saw the development of 
capitalism as the leading method of production also witnessed 
that of experiment and calculation as the new method of 
natural science. The transformation was a complex one; 
changes in techniques led to science, and science in turn was 
to lead to new and more rapid changes in technique. This 
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Combined technical, economic, and scientific revolution is a 
unique social phenomenon. Its ultimate importance is even 
greater than that of the discovery of agiiculture, which had 
made civilization itself possible, because through science it 
contained in itself the possibilities of indefinite advance. 

The problem of the origin of modern science is at last being 
recognized as one of the major problems of all history. Pro¬ 
fessor Butterfield claims for instance that ‘‘ the so-called 
scientific revolution . . . outshines everything since the rise of 
Christianity and reduces the Renaissance and Reformation to 
the rank of mere episodes, mere internal displacements within 
the system of medieval Christendom. . . . There can hardly 
be a field in which it is of greater moment for us to see . . . the 
precise operations that underlay a particular historical transi¬ 
tion, a particular chapter of intellectual development.’’ While 
I disagree profoundly with the analyses he gives, I fully concede 
the importance of the problem. 

The movements of capitalism and science are related, though 
much too intimately for that relationship to be expressed in 
simple terms of cause and effect. It can, however, be said that 
at the beginning of the period the economic factor was domi¬ 
nant. It was the conditions of the rise of capitalism that made 
that of experimental science possible and necessary. Towards 
the end of the period the reverse effect was beginning to be fell. 
The practical successes of science were already contributing to 
the next great technical tidvance—the Industrial Revolution. 
Thus it was in this period that natural science passed its critical 
point, ensuring its permanent place as part of the productive 
forces of society. In the longer view of history this fact is far 
more important than the political or economic events of the 
time; for capitalism represents but a temporary stage in the 
economic evolution of society, while science is a permanent 
acquisition of humanity. If capitalism first made science 
possible, science in its turn was to make capitalism unnecessary. 

In its early stages, however, when capitalism was breaking 
the bonds of a decaying feudalism, it was vigorous and expansive. 
The use of the technical devices of the late Middle Ages enabled 
agriculture, manufacture, and trade to increase and spread 
over ever larger areas. The material needs of the economic 
advance led to further developments of techniques, particu¬ 
larly those of mining, warfare, and navigation. These, in turn, 
led to new problems arising out of the behaviour of new 
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materials and processes, which put a strain on the science of 
classical times in which such inventions as the compass and 
gunpowder had had no place. The voyages of discovery 
showed how limited were the experiences of the Ancients, and 
strengthened the need to find a new philosophy that could sec 
farther and do more. 

By the beginning of the seventeenth century a new and 
enterprising bourgeoisie was able to respond to this stimulus 
and build up the essentials of experimental science. The new 
science came to be organized, as the merchant adventurers had 
been, into companies. Before the century was over a small 
group of able men had been successful in solving the central 
problems of mechanics and astronomy. They thus provided more 
than the science of the Ancients had ever done—practical help 
where it was needed: in navigation. But this was only a slight 
foretaste; their real triumph lay in the fresh impetus to the 
scientific study of technique and of Nature, and to the elabora¬ 
tion of the new experimental and mathematical methods of ana¬ 
lysing and solving them, which were to produce their ^\A\ fruits 
in later centuries. Up to the end of the seventeenth century 
science had far more to gain from its renewed contacts with 
practical work than it had to give in the way of radical improve¬ 
ments in technique. 

The scientific revolution 

The tracing of the development of the new science from the 
critical period of its birth and early growth to intellectual 
maturity is the major task of this chapter. It is necessary first 
to show its relation to the new social forces of the Renaissance 
and Reformation and then to examine how its achievements 
were to determine the technology and mould the ideas of the 
Modern age that was to follow. The change in ideas in science 
in this crucial period was indeed far greater than that in 
politics and religion, all-important as these seemed at the time. 
It amounted to a Scientific Revolution^ in which the whole edifice 
of intellectual assumptions inherited from the Greeks and 
canonized by Islamic and Christian theologians alike was 
overthrown and a radically new system put in its place. A 
new quantitative, atomic, infinitely extended, and secular 
world-picture took the place of the old, quantitative, continuous, 
limited, and religious world-picture which the Muslim and 
Christian schoolmen had inherited from the Greeks. The 
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hierarchical universe of Aristotle gave way before the world 
machine of Newton. During the transition destructive criticism 
and constructive synthesis came so close together that it is 
impossible to draw a line between them. 

This substitution was only a symptom of a new orientation 
towards knowledge. It was changed from being a means of 
reconciliation of man with the world as it is^ was^ and ever will 
bCj come doomsday^ to one of controlling Nature through the 
knowledge of its eternal laws. This new attitude was itself a 
product of the new concern with material wealth and brought 
about a renewal of interest of the learned in the practice of the 
trades of the artisan. In this way the Renaissance healed, 
though only partly^ the breach between aristocratic theory and 
plebeian practice which had been opened with the beginning of 
class society in early civilization and which had limited the 
great intellectual capacity of the Greeks. 

To understand adequately how modern science began it is 
necessary to consider both the practical and intellectual aspects 
of the transformation started in the Renaissance. Writers on 
the history of science have usually stressed only the latter, and 
have thus seen the whole transformation either as one from 
bad to good arguments from self-evident first premises, or as a 
matter of more careful observation and more correct evaluation 
of evident facts. That both these explanations arc inadequate 
is shown by their failure to account for the coincidences of the 
times and places of economic, technical, and scientific advance, 
and further by the coincidence of subjects of interest to science 
with those of technical concerns to the controlling groups of 
society. 

On the other hand it is also inadeejuate to consider only these 
technical interests. Mental attitudes as well as material con¬ 
cerns must be taken into account. The ideological aspects 
of the struggle of the emerging bourgeoisie impressed themselves 
on the scientific as well as the religious ideas of these centuries of 
transition. Indeed, the challenge to ideas that had been 
accepted for many centuries could only have been made at a 
time when the whole foundations of society were in question. 

Unlike the previous transition, where, as at the end of the 
Roman Empire, a now science was built up on the ruins of the 
old, or where, as at the beginning of the Middle Ages, science 
was translated from one culture to another, the revolution 
which gave rise to modern science occurred without any such 
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break in continuity or outside influence. This emphasizes still 
further the fact that a radically new system of thought was being 
built up in the new society from elements derived directly from 
the old, but transformed by the thoughts and actions of the 
men who were making the revolution. The old feudal culture 
had been tried and found wanting; it could not survive 
the conflicts that it had itself engendered. The new bourgeois 
class which it had thrown up had to find their own new social 
system and evolve their own new system of ideas. The men 
of the Renaissance and of the seventeenth century certainly 
felt they were making a break with the past, however much 
they might unconsciously owe to it. 

Major phases in the transformation of science 

In order to understand the actual process of the creation 
of the new science it is convenient to divide the whole period of 
the Scientific Revolution into three phases which may for con¬ 
venience be called : those of the Renaissance, 1440-1540; of the 
Wars of Religion, 1540 -1650; and of the Restoration, 1650-90. 
It must be kept in mind that these are not three contrasting 
eras but three phases of a single process of transformation from 
the feudal to the capitalist economy. 

In the political sphere the first phase (7-i-^7*3) includes the 
Renaissance, the great navigations, and the Reformation, as 
well as the wars which ended political freedom in Italy and led 
to the emergence of Spain as the first great world power. 

In the second phase (7-4-'7-6) the results of the opening up 
of America and the East to European trade and piracy began 
to be felt in a price crisis w-hich shook the whole economy of 
Europe. It was the age of inconclusive w^ars of religion in 
France and Germany. Far more important ultimately for 
history were the establishment of the Dutch bourgeois Republic 
at the beginning of the period and of the British bourgeois 
Commonwealth at its end. 

The third phase (7.7-7.9) was one of political compromise. 
Though governments were monarchical, the big bourgeoisie 
held the threads of power in all those countries that were pro¬ 
gressing economically. The Dutch set the tone of the period, 
despite the pomp of the Grand Monarque at Versailles. In 
Britain this phase marked the beginnings of constitutional 
monarchy and of rapid commercial and industrial development. 

The corresponding developments in science were in the 
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first phase a challenge to the whole world-picture which the 
Middle Ages had adopted from classical times. That challenge 
found its decisive expression in the rejection by Copernicus of 
the earth-centred cosmos of Aristotle, and its replacement by a 
solar system viewed from a turning earth, a planet like the 
others. 

In the second phase the challenge was made good against 
heavy opposition by Kepler and Galileo and further extended 
to the human body by Harvey. This was achieved through 
the use of the new experimental methods, while the first pro¬ 
phets of a new age in science appeared in Bacon and Descartes. 

The third phase marked the triumph of the new science, its 
rapid growth with its spread to new fields, and its first organiza¬ 
tion into societies. It is the age of Boyle, Hooke, and Huygens, 
of a new mathematical-mechanical philosophy. The work of 
many hands and minds ended in Newton’s formulation of the 
Mathematical Principles of Natural Philosophy, a foundation on which 
it was felt that the rest of science could confidently be built. 
Final ends gave way to mechanical causes, and the hierarchical 
universe of the Middle Ages was superseded and replaced by 
another. From now on, independent particles could interact 
freely, guided by the invisible constitution of Natural Laws, In 
turn the knowledge of these laws was seen to be the key to the 
harnessing of the powers of Nature in the service of man. 
Sublime contemplation had given way to profitable action. 
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Chapter 7 

THE SCIENTIFIC REVOLUTION 

‘j.i—THE FIRST PHASE: THE RENAISSANCE 1440-1540 

T he first phase of the transition from feudalism to capitalism 
is the period which covers the movements of the Renais¬ 
sance and the Reformation^ though these^ with their ante¬ 
cedents and effects^ extend over a longer period. The economic 
pattern of commodity production for a market dominated by 
money payments had existed in scattered cities since the twelfth 
century. It first became the prevailing form of economy in the 
fifteenth century along the strip of country reaching from Italy^ 
through High Germany and the Rhineland^ to the Low 
Countries. Of this area it was only in Italy that the greater 
cities like Venice^ Genoa^ Florence, and Milan became politic¬ 
ally, as well as economically, independent and were able to 
build up the brilliant artistic and intellectual civilization of the 
Renaissance. In Italy this implied no break with the Church, 
for the Holy See in Rome made a handsome income from the 
contributions of all Christendom. It was otherwise when the 
movement spread to Germany and farther. There it led on 
the one hand to the assertion of independence of religion on a 
national basis, expressed in the Lutheran Reformation, and on 
the other to fierce social strife which found expression in the 
Peasants’ War of 1525-26 and the revolt of the Anabaptists of 
Munster in 1533. Similar revolts occurred in Hungary and 
even in Catholic Spain. Later, when the Reformation spread 
farther, to the Low Countries, Britain, and France, it was in 
the still more radical form of Calvinism, rejecting the whole 
hierarchical Church government and vesting civil as well as 
ecclesiastical power in the democracy of the elect. 

The issue of democracy was, however, not to be raised effec¬ 
tively until the next phase. The political form that was at 
first to replace the feudal system of graded powers and loyalties 
was to be the absolute prince, relying for his power on the sup¬ 
port of the merchants, and who might even be an ennobled 
merchant himself, like the Medici. The restoration of mon¬ 
archy marked an end of the temporal powers of emperor and 
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pope, and with it the whole scheme of the medieval universe. 
Instead^ nation States began to emerge, with ever-shifting 
alliances and wars between them, resulting in a precarious 
balance of power in which no one could be supreme. 

The courts of these kings or princes provided the patronage 
for the new humanists and scientists, now no longer dependent 
on the Church. Indeed the position of the intellectuals became 
very similar to what it had been in the days of the Arabs, when 
the learned were also the ornaments of princes. The old 
medieval universities remained, outside Italy, the stronghold of 
feudal ideas and opposed the new learning. Indeed, King 
Francis I of France was obliged in 1530 to found the College 
Royal, now the College de France, to provide for the teaching 
of the humanities. 

The Renaissance and the Reformation are two aspects of the 
same movement to change the system of social relations from 
that based on a fixed hereditary status to one based on buying 
and selling commodities and labour. The major economic 
factor that provided the drive for the movement was the rapid 
extension of trade made possible by a greater available surplus. 
This surplus was due to the effect of the technical improvements 
introduced in the latter Middle Ages, particularly those in 
agriculture and cloth-making. At the same time the avail¬ 
ability of the surplus was enormously increased by improve¬ 
ments in shipping and navigation. Throughout the fifteenth 
century the main current of trade, still largely of luxury goods, 
flowed from the East through Venice into Germany to make the 
fortunes of Augsburg and Nurnberg, and then to the Low 
Countries and Britain, It was this trade indeed that gave 
those areas the leading position in wealth and culture. 

However, at the end of the century, at the very culminating 
point of the Renaissance, there was a critical break-through in 
the old trade pattern, and one in which science played a decisive 
part. The development of navigation was to short-circuit the 
old expensive land-based routes to established markets and to 
open cheap routes to unimagined new markets. The most 
spectacular result was the discovery of the New World of 
America, but more immediately important were the Portuguese 
capture of the Asiatic sea trade and the rapid development of 
the Baltic lands and Russia. These shifts of trade routes were 
to alter the whole economic balance of Europe. The trade of 
Italy and High Germany was cut off at the roots and their 
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political and economic importance was to decline^ though their 
cultural and technical influence was to continue for some 
time longer. Into their place were to come the maritime 
countries^ first Portugal and Spain, and then for a longer 
period, because they possessed more basic resources, Holland 
and Britain. 

The profits from overseas trade made possible the first 
accumulation of fluid capital, that is of capital invested in 
productive enterprise and not only in land. The greed for 
more profit led to a rapid development of shipbuilding and 
navigation, of which the latter was to have a decisive effect on 
the birth of modern science. With paid soldiers instead of 
feudal levies, wars could be maintained for longer, but they 
cost more, hence a demand for bronze and iron, for silver and 
gold. Mining and metal-working boomed, so did the manu¬ 
facture of gunpowder and the distillation of strong spirits. 

The period as a whole was one of economic expansion. In 
almost every part of Europe production, not only industrial but 
also agricultural, increased. There was more grain, more cattle, 
and more fish. It is difficult to attribute this to any specific 
technical advance; rather was it the result of the accumulation 
of innumerable separate improvements, together with a more 
rapid dissemination of improvements through the new channels 
of trade. The only radical and important technical advance 
was the introduction of printing, already discussed for con¬ 
venience in the preceding chapter (p. 241). Though this, in 
itself, was not a method of production, it was one of the most 
effective ways of disseminating technical advances, as the 
number of early printed books on such subjects as agriculture, 
gardening, cooking, and the trades bears witness. 

The humanist revolution in attitudes and ideas 

If the Renaissance had only marked a gradual or even rapid 
improvement of economic conditions it would not occupy the 
place it does in world history. What gives it its importance in 
science, art, and politics is that it w^as a conscious movement, 
and a revolutionary movement at that. In its intellectual 
aspect it was the work of a small and conscious minority of 
scholars and artists. They had set themselves in opposition 
to the whole pattern of medieval life, and they strove to create 
a new pattern as near as possible to that of classical antiquity. 
They no longer wished to see the Ancients through the long 

259 



THE SCIENTIFIC REVOLUTION 

chain of tradition^ through the Arabs and the schoolmen, but 
directly, by digging up tlie statues, by reading the texts for 
themselves. This meant going back to the original Greek and 
encountering at first hand the thought not only of Plato and 
Aristotle but also of Democritus and Archimedes. 

The humanistic movement had indeed started in Italy as early 
as the fourteenth century with Petrarch and Boccaccio. What 
they appreciated in the classics was beauty of expression and 
nobility of sentiment, rather than subtleties of logic. In so far 
as they were philosophical they were Platonist. The humanist 
movement was to spread to France and northern Europe in the 
sixteenth century, taking on a more religious flavour. Every¬ 
where it implied a rejection of the specifically feudal ideas of 
hierarchy and a more secular attitude to society. This did not 
imply a rejection of religion or even of mysticism, but rather a 
change of emphasis towards a more personal religion for which 
the ministrations of the Church were less needed. The cult of 
the individual, of virtue, in the old Roman sense of manly 
independence, became the ideal.^*^^ 

In Protestant countries the right of private judgment or of 
special election was proclaimed. Here the humanists, by 
recovering Greek and Hebrew texts and translating them 
directly into the vernaculars, were to bring an added weight to 
the authority of the Bible. Reliance on the literal word of 
God was to replace deference to the pronouncements of the 
successors of St Peter. All this fitted an ethical system of a 
merchant class rejecting the subordination of feudalism. The 
feudal past was indeed violently repudiated, and with it the 
architecture which they—the humanists—called Gothic in 
derision, the philosophy of the schoolmen, the contemplative 
lives of the monks, the begging of the friars.^-**^ In the end 
even the Catholic Church itself was forced to reform and accept 
a break with its medieval past almost as great as that which the 
Reformers demanded. The doctrine of grace was the Roman 
equivalent to salvation by faith. The Papacy, which for a 
century had been in the hands of tolerant humanists, of doubtful 
morality but great patrons of the arts, was to become almost as 
rigid and more intolerant than the most severe Protestant sectary. 

Pleasure^ art, and money 

In Catholic and Protestant lands alike the Renaissance 
marked a definite and deliberate break with the past. Much 
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of it was inevitably retained, but a new direction was taken and 
the medieval forms of economy, of building, of art and thought 
were to vanish for ever, and to be replaced by a new culture, 
capitalist in its economy, classical in its art and literature, 
scientific in its approach to Nature. 

The Renaissance was a disturbed but hopeful period com¬ 
pared with the despair of the late classical age and the resigna¬ 
tion of the ages of faith that followed. There was less concern 
with the future life and more with the life of the present, a 
concern which expressed itself in a rapid growth of secular arts, 
of painting, poetry, and music. In every form of expression 
there was a new and frank admission of physical enjoyment. 
The great prophet of this period. Dr Frangois Rabelais {c, 1490- 
c. 1553)^ chose as the motto for his Abbey of Thelema, the ideal 
community: “ Do what you like ” (p. 720) Ideally, people 
lived freely and thought dangerously; in fact, few could afford 
to do so; this new life was expensive and it had to be paid for 
cash down. Money had become much more important than 
it had ever been before. As a natural consequence the attitude 
towards the making of money changed. Any way was good 
as long as it worked, whether by honest manufacture or trade; 
by putting forward some new profitable device; by opening a 
mine; by raiding the foreigners; by lending money at interest. 
The Church might object, but if it pressed its objections, so 
much the worse for the Church, as the Reformation showed. 
Even magic acquired a new interest as a means to wealth and 
power, as we find in the story of Faust. Indeed natural magic 
was hardly distinguishable from science.^* 

The marriage of the craftsman to the scholar 

Just because they were essential to the making as well as to 
the spending of money, the technicians and artists were no 
longer so despised as they had been in classical or medieval 
times. The arts of ornament and display, painting, sculpture 
and architecture, flourished and were developed less massively 
but with far greater originality than in classical times. What 
was really new, however, was the respect given to the practical 
arts of spinning, weaving, pottery, glass-making, and, most of 
all, to the arts that provided for the twin needs of wealth and 
war—those of the miners and the metal-workers. The tech¬ 
niques of the arts were of more account in the Renaissance than 
in classical times because they were no longer in the hands of 
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slaves but of free men^ and these were not, as they had been in 
the Middle Ages, far removed socially and economically from 
the rulers of the new society. In medieval Florence, for 
instance, the artists had been subordinate members of the major 
guild of doctors and spice-dealers, Medici e Speciali] the sculptors 
were lower down with the minor guild of the masons and brick- 
layers.^-^"^ By the beginning of the sixteenth century, however, 
individual painters and sculptors could command the favours of 
popes and kings, though they often had to press hard to obtain 
payment for their work. 

The enhancement of the status of the craftsman made it 
possible to renew the link between his traditions and those of 
the scholars that had been broken almost since the beginning 
of the early civilizations. Both had a great contribution to 
make: the craftsman could add to the old techniques of classical 
antiquity the new devices that had arisen during the Middle 
Ages; the scholar could contribute the world views, the ideas, 
and possibly most of all, the logical methods of argument derived 
from the Greeks by w^ay of Arabic and scholastic philosophy, 
and the newly evolved methods of computation. The combina¬ 
tion of the two approaches took some time to work out, and 
spread rather gradually at first through the different parts of 
knowledge and action. But once the constituents had been 
brought together there was no stopping the combination—it 
was an explosive one. The intellectual task of the Renaissance 
w^as essentially the rediscovery and mastery of the world of art 
and Nature. 

The world surveyed 

The Renaissance abounded in great descriptive works 
covering between them the whole field of human experience. 
The extent of its interest appears in the achievements of the one 
man who was himself the epitome of the age—the great universal 
engineer, scientist, and artist, Leonardo da Vinci. Its two 
greatest triumphs are the clear statement of the system of the 
heavens with the sun as centre, the system of Copernicus in his 
De Revolutionibus Orbium Coelestiumy^-^^ and the first complete 
anatomy of the human body pictured in the De Humani Corporis 
Fabrica'^*^^^ of Vesalius, both published in the same year, 1543. 
These were the first pictures of how the heavenly spheres or 
the human body would appear to those who had eyes clear 
enough to see for themselves, and not through the spectacles of 

262 




Fio. 8.-~RENAISSANCE SCIENCE AND 1 ECIINOLOGV 
{a) Assayers’ laboratory with cupels. 

A known weight of ore is mixed with pure lead. This is burnt to dross in the 
furnace. The resulting bright bead of silver is again weighed, indicating quanti¬ 
tatively the yield of metal from the ore (pp. 8G, 270). 

(b) Stills for producing strong spirits. 

On the right a reflux condenser, in which the weaker spirits are cooled and run 
back; on the left a spirit still with warm condenser immersed in a large bowl of 
water (pp. 239, 417). 

(r) Mechanical wire-drawing. 

A water-wheel drives a crank which on every half-turn draws the wire through 
the draw-plate (p. 233). From Biringuccio's Pirotechnia 
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ancient authority. They were put forward and accepted at the 
outset by a new lay society that was also learning to see and 
experience for itself. It was only later, when the political 
consequences of the new vision began to be apparent, that 
authority took fright and tried, too late, to shut it out. 

The great works were accompanied by many others in 
diverse fields of art and Nature which had been neglected 
by the Ancients. Such for instance was the Pyroiechnica of 
Biringuccio (1480-1539), describing the metal, glass-working, 
and chemical industry; and De Re Metallica of Georg Bauer 
or Agricola (1490-1555), probably the finest technical treatise 
ever written, for it described not only minerals and metals 
but also the practice and even the economics of mining. 
Later there were to appear in such books as those of Gesner 
(1516-65), Rondelet (1507-66), and Belon (1517-64) many 
magnificent descriptions of animals and plants, both of the old 
and the new worlds.^-^^’ To these may be added the almost 
innumerable accounts of the explorations of new lands, including 
Amerigo Vespucci’s Letters in 1504, which was rather in¬ 
consequentially to give the new-found continent its name, and 
Pigafetta’s first account of Magellan’s voyage round the world 
in 1519-22. 

The opening phase of the Scientific Revolution was one of 
description and criticism rather than constructive thought. 
That was to come later. First must come the exploration of 
wide horizons and the challenge to old authority. The pursuit 
of the arts and techniques furnished the positive incentives and 
the material means for the advancement of the new science. 
The religious controversies and conflicts shook the framework 
of orthodoxy, and allowed a few people to try to think for them¬ 
selves. The new religious attitudes of individual judgment and 
immediate responsibility stemmed from the same need that was 
to give rise to science. They were essential preconditions for 
the triumph of capitalist economy. Before attempting to dis¬ 
cuss the position and influence of science in Renaissance life it 
is first necessary to say something of the influence of the most 
important factors that affected it in this phase. These are 
principally those of art and technique, in particular the 
techniques of engineering and navigation. 
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T.2—ARr, NATURE, AND MEDICINE 
Renaissance art 

The exaltation of visible and manual art^ as against passive 
and detached contemplation^ was the first characteristic of 
the Renaissance. Painting, sculpture, architecture, and music 
had, it is true, flourished throughout the Middle Ages. They 
had been the medium of transference of many of the techniques 
of classical times, particularly of chemistry and metal-working. 
They were, however, used as a means to an end, carried out by 
humble craftsmen or monks in the service of the Church, and 
to a much lesser extent in that of chivalry. 

The social and economic importance of art in the Renaissance 
was, however, of a different order. Not only was far more 
spent on art, especially on painting, than in earlier ages, but 
for the first time the arts began to be valued for themselves. 
The artists came to serve the new merchant princes wherever 
they flourished, first in Italy, then in Burgundy, Flanders, and 
High Germany. There was an insatiable demand for more 
impressive and striking forms to set off the new style of life of 
the rich.^*^^ With it came the rise in status of the artist and the 
setting up in most of the cities of Italy of studios wWch were 
at the same time universities and laboratories. Art itself, 
while not ceasing to be traditional, became conscious and 
scientific. The artists set themselves new problems and found 
new material and intellectual solutions to them. At no other 
time in history have the visual arts had such an effect on the 
development of science, and it is probably no accident that this 
interest coincided with the very beginning of the most import¬ 
ant transformation in the history of science. 

Perspective and vision 

The major directions in which the artists helped to found 
science were in the development of vision and perspective, in the 
interest in Nature and particularly in the anatomy of the human 
body, and in their employment in civil and military engineering. 
Leonardo da Vinci divided his time between all these interests 
and though he was the greatest he was by no means the only 
one to do so. 

The first manifesto of the Renaissance art was the Trattato 
della Pittura by Leon Battista Alberti (1404-72) in 1434. He 
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was the son of a wealthy Florentine family exiled for political 
reasons. Yet he did not scorn to devote himself to art or to 
learn from manual workers: “He would learn from alh 
questioning smiths^ builders^ shipwrights^ and even shoemakers 
lest any might have some uncommon or secret knowledge of his 
craftj and often he would feign ignorance in order to discover 
the excellence of others.” He was one of the first advocates 
of formal perspective—invented by Brunelleschi early in the 
fifteenth century. The main aim of painting was for Alberti the 
representation of three-dimensional figures in two dimensions. 
Accordingly he demanded of all painters a thorough knowledge 
of geometry, and used optical aids such as the camera obscura for 
landscapes and the rectangular co-ordinates net for plotting 
the field of vision. The basic metrical concept of three- 
dimensional space became almost an intuitive commonplace in 
the Renaissance, due to the realization of this programme by 
artists like Masaccio, Piero della Francesca, and Mantegna. 

Leonardo da Vinci was only expressing a prevailing view 
when he called painting a science. In his treatise on painting 
published with his Paragone he states categorically: 

The science of painting deals with all the colours of the 
surfaces of bodies and with the shapes of the bodies thus 
enclosed; with their relative nearness and distance; with 
the degrees of diminutions required as distances gradually 
increase; moreover, this science is the mother of perspec¬ 
tive, that is, of the science of visual rays. 

In answer to those who would condemn painting as semi- 
mechanical he argues, in flat contradiction to Plato (p. 125) : 

Astronomy and the other sciences also entail manual 
operations although they have their beginning in the mind, 
like painting, which arises in the mind of the contemplator 
but cannot be accomplished without manual operation. 
The scientific and true principles of painting .. . are under¬ 
stood by the mind alone and entail no manual operation; 
and they constitute the science of painting which remains 
in the mind of its contcmplators; and from it is then born 
the actual creation, which is far superior in dignity to the 
contemplation or science which precedes it. 

Nature and man 

The Renaissance saw the triumph of the movement of 
realism in art. Classical, and even more Byzantine, art had 
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been concentrated on ideal forms and the achievement of 
elfect by traditional symbolism. Already in the Middle Ages 
forms drawn from Nature were beginning to creep in, as foliage 
and animals, from the sides of the pictures. The Renaissance 
added the same realism for the central human figures. All 
this required the most detailed observations of wild Nature— 
mountains, rocks, trees, flowers, beasts, and birds—and thus 
laid the foundation of a geology and natural history no longer 
derived from books and logic. Most of all, it required an 
mmtomy of man himself to find the underlying mechanism of 
gesture and expression. Renaissance art was as little impres¬ 
sionistic as it was formal. The painter was exhorted by Alberti 
to consider the bones, then the flesh that knit them, and only 
last of all the draperies in which the figure was clothed. 
Leonardo in his practice and precept went farther. From the 
representation of the static figure he passed to the moving one, 
hence to physiology and dynamics. The representation of men 
or animals in motion was for him only the means to an end, the 
expression of the spirit or soul that animates the movement. 
All this required a profound study of the anatomy of the brain 
and internal organs, of which Leonardo’s drawings have never 
been surpass(;d. The new anatomy that led up to Harvey’s 
circulation of the blood owed almost as much to the artists as it 
did to the doctors. 

Renaissance medicine 

It is convenient to consider here the great contribution of the 
Renaissance to the biological studies that centred on medicine. 
The medical faculties of the Italian universities were the most 
outstanding exception to their general sterility and obscuran¬ 
tism (p. 218). Particularly in the University of Padua, the 
medical faculty had acquired the highest prestige and attracted 
the most brilliant minds. This did not notably help medical 
practice, for centuries had to pass before enough was known of 
chemistry and biology to apply science effectively in the battle 
with disease. It did, however, help enormously in the develop¬ 
ment of natural science. 

The Italian doctors and the large number of foreign students 
that came there to study medicine were not isolated. They 
mingled freely with artists, mathematicians, astronomers, and 
engineers. Indeed many of them followed some of these pro¬ 
fessions themselves. Copernicus, for instance, was trained 
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and practised as a doctor, besides being an administrator and 
economist. It was these associations that gave to European, 
and particularly to Italian, medicine its characteristic descrip¬ 
tive, anatomical, and mechanical bent. The human body was 
dissected, explored, measured, set down, and explained as an 
enormously complex machine. The explanation was far too 
simple; most of what we know now of the function or evolu¬ 
tionary history of the organs was not and could not have been 
guessed at. Nevertheless a new anatomy, physiologic^ and patho¬ 
logy —we owe the last two terms to the great French doctor Jean 
Fernel (1497-“!558)—essentially modern in character, were 
founded on direct observation and experiment and the hold of 
classical authority and magical tradition began to be broken.^*^^ 
This work found its epitome in the great De Humani Corporis 
Fabrica of Andreas Vesalius, which was the most complete 
description of all the organs of the body. Yet it still lacked any 
serious criticism of the classical picture of Galen (p. 161) and 
was good anatomy in the service of bad physiology. Never¬ 
theless, the school he founded in Padua in 1537 was to furnish 
the sequence of anatomists leading up to Harvey. Vesalius 
became physician to the Emperor Charles V. His rival, 
Francis I of France, had as his surgeon a man who contrasted 
with Vesalius in many ways, Ambroisc Parc (isio-go). He 
was a real craftsman, unlettered, writing in colloquial French 
of what he saw with his own eyes and did with his own hands. 
He revolutionized the treatment of wounds, particularly the 
gunshot wounds that became so common in the deadly wars of 
the time. 

The engineers : Leonardo da Vinci 
The professions of artist, architect, and engineer were not 
separated in the Renaissance. The artist might be called on 
by his town or prince, or might offer himself, to cast a statue, 
build a cathedral, drain a swamp, or besiege a town. The 
master craftsman had always had to know the properties of 
materials and the means of handling them. The artist of the 
Renaissance had to know all that and much more: he had to 
instil into his work geometry and mechanics in the conscious 
imitation of antiquity. It w-as in this field that Leonardo da 
Vinci, supreme as he was as an artist and a naturalist, showed his 
greatest ability. In recommending himself to the Duke of 
Milan, for instance, he cites a number of military devices he can 
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make and adds at the end, In painting I can do as well as 
another,” His note-books show how keenly he studied 
the operations of metal-workers and engineers and how he 
himself became the first great master of mechanics and hydraulics. 
His greatest attempt, though doomed to failure, was trying to 
achieve mechanical jlight —a masterpiece of engineering research, 
combining observation of birds with the making of models, 
calculations, and full-scale trials.^-®®* 

The study of the almost innumerable mechanical devices 
proposed and drawn by Leonardo, from rolling-mills to mobik* 
canal cutters, brings out another aspect of the tragedy of his 
genius.^-He could invent machines for almost any purpose 
and could draw them incomparably well, but hardly any of 
them, and none of the most important, would have worked 
even if he could have found enough money to make them. 
Without a quantitative knowledge of statics and dynamics, and 
without the use of a prime mover like the steam-engine, the 
Renaissance engineer could not, in fact, ever advance beyond 
the limits set by traditional practice. He did not so much 
affect the development of the machine as impress on the learned 
world the idea that the operations of Nature could be explained 
by machinery. 

Leonardo da Vinci illustrates in his life and works both the 
hopes and the failings of the Renaissance.^*"^ Trained as a 
painter, his many gifts brought him as a youth the patronage of 
the great at the most brilliant period of Italian art. But he was 
not satisfied with the practice of painting; he wanted at the same 
time to understand the underlying nature of what he painted 
and of the light by which he saw it. Hence his multiple 
studies on optics, anatomy, animals, plants, and rocks. At the 
same time he was impressed more and more with the importance 
of movement and force. It was to realize his ideas in practice 
that he put himself in the service of the most powerful prince of 
his time, Ludovico il Moro of Milan, but the shadow of war 
hung over him and Leonardo could achieve very little there. 
After the fall of Milan in 1499 Leonardo was forced to become 
a wanderer—for a while with Cesare Borgia on his campaigns, 
then in the service of the city of Florence and of the Pope, to die 
finally as an exile and pensioner of Francis I of France. 

All the time he strove to penetrate more deeply into the 
underlying meaning of Nature and society. In this he was 
helped by having had no university education and so having 
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less to unlearn; but for the same reason he had neither the 
systematic approach nor the mathematical skill to follow out 
his ideas or to convince others of their truth. He left no school 
and was an inspiration rather than a guide. 

Renaissance technology 

The greatest advances of Renaissance technology were in the 
closely linked fields of mining, metallurgy, and chemistry. 
The need for metal led to the rapid opening up of mines, first 
in central Germany and then in America. The German mines 
were the nurseries of capitalist production. Throughout tlu! 
Middle Ag(\s mining was largely a series of one-man or small 
partnership ventures carried out by free miners ” who were 
their own prospectors, and who were taxed and protected from 
minor feudal interference by king or prince.With larger- 
scalc mining they came together in companies and divided their 
takings into shares. Already in the fifteemth century shares were 
being taken up by sleeping partners who helped to provide the 
money for the increasingly costly gear. As mines grew deeper, 
pumping and hauling gear became more essential. Agricola of 
the De Re Metallica was officially a mining doctor in Bleibcrg 
(lead hill) in Saxony, but he also held shares in some of the most 
profitable mines. I’he experiemee gained in power transmission 
and pumps was the starting point of a new interest in mechanical 
and hydraulic principles which was to have manifold effects in 
the Scientific and Industrial Revolutions. With tlie decay of 
mining in Germany that set in with the wars of religion, 
the German miners and metallurgists were dispersed to 
Spain; to the New World; most important of all, to England, 
where they provided the technical foundation for her future 
wealth. 

Metallur^ and chemistry 

The smelting of metals was the real school of chemistry. 
Extensive mining was bound to bring to light new ores and even 
new metals like zinc, bismuth (golden metal), cobalt (from kobold, 
the mine elf), and Kupferw/cA^/ (false copper). The ways of 
separating and handling these had to be found by analogy and 
corrected by bitter experience; but in doing so a general theory 
of chemistry, involving oxidations and reductions, distillations 
and amalgamations, began to take form, at first mainly 
implicitly. Assaying, to find the yield of an ore in precious 
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Vm. ;j.- RENAISSANCE TECHNOLOCY: LEONARDO DA \TNCI 

Sketches for machinery, mostly double-acting force-pumps, showing ingenious 
devices of interrupted screws and spiral cam drives (p. i!l>8 j. 
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is only smelting on a small but definite scale. It became 
the basis for chemical experiment and chemical analysis (Fig. 8). 

The host of new metallic substances could not but have 
physiological effects^ mostly bad^ but some good^ on those who 
worked on them. Girls in the mining districts^ for instance^ 
used arsenic for improving their complexions. Metallic com¬ 
pounds began to be introduced into medicine on account of 
their violent effects on the body and to break down the reliance 
on traditional herbal simples. Particularly decisive was the 
use of mercury^ where ancient herbs proved useless^ to cure the 
new and terrible disease of syphilis brought back by Columbus’ 
sailors. 

Paracelsus and the doctrine of spirits 

Philippus Aureolus Theophrastus Bombastus von Hohenheim 
(14.93-1541), who called himself Paracelsus to show his superior¬ 
ity to Celsus the great doctor of antiquity^ was the intemperate 
and enthusiastic founder of the new school of iatro-chemists 
(cliemical doctors). He publicly burnt the books of Galen 
and Avicenna in the market-place of Basle, and in the real 
protestant spirit proclaimed the supremacy of direct experience 
over any authority. Though he drew on the old traditions (>(' 
alchemy transmitted by the Arabs and by Raymond Lull (p. 
22i)j he was able to transform them and change their direction. 
To the old opposites of sulphur and mercury he added the neutral 
salt^ thus establishing the tria prinia —rival elements to Aristotle’s 
four (p. 144)—as the foundation to his spagyric art of chemistry, 
which abandoned the search for gold in favour of the search foi* 
health. 

Paracelsus’ approach to chemistry was frankly animistic. 
The doctrine of the operation of invisible agencies connected 
with all self-moving or living activities is one of the oldest of 
human ideas^ probably originating far back in the Old Stone 
Age. It was associated with the breath which came first to 
every animal at birth and departed with death. l‘he number 
of words in our language, borrowed from many others, denote 
the wide ramification of this idea: animal, afflatus, aspiration, 
ghost, inspiration, psyche, spirit, soul. Air itself was a kind 
of spirit and its working in bodies, as shown by bubbles, a sign 
of an active fermentation. The crucial process of chemistry, 
distillation, was essentially a means of capturing the invisible 
spirits that rose from a boiling liquid. That such spirits were 
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indeed powerful was only too evident from the effect of drinking 
them (p. 239). 

All the operations of the body, according to the Galenic 
pliysiology, were performed by several distinct spirits or souls: 
the vegetable or natural spirit, seated in the liver, presided over 
the digestion of food; on meeting the vivifying breath in the 
heart, this became the vital spirit which was spread by the 
arteries throughout the body; in the ventricles of the brain 
this in turn was refined into the animal spirit, which, passing 
through the nerves, gave motion to all the body. Paracelsus, 
though lie rejected Galen, was even freer in his adoption of the 
conc(‘pts of spirits. He pictured spirits— archai, like the little 
kobolds that haunted the mines—presiding over the various 
internal organs—stomach, liver, and heart—just at the time 
when the directing angels were being banished from the 
heavenly spheres. Nevertlieless, owing to the intrinsic com¬ 
plexity of chemistry, it was this intuitive and mythical approach 
rather than the rational, mechanical one that was to be most 
successful in advancing chemistry until its revolution in the 
eighteenth century, and Paracelsus had an undisputed place 
as the founder of modern chemistry. Even his archai have 
returned in numbers far greater than he imagined them as the 
enzymes of modern biochemistry (pp. G16 If). 

Metallic ores were not the only minerals that occupied 
Renaissance chemists. Some, like Bernard Palissy (1510-c. 
1590), studied earths with the object of finding new^ glaze for 
pottery, at a time w hen European potters were just beginning 
to catch up with the technical triumphs of the Persian potters. 
It was still long before they could imitate Chinese porcelain or 
“ china ” as we still call it. Of far greater economic importance 
was the concern wath alum, an essential material in the cloth 
and leather industries. The possession of alum mines provided 
ready cash for the Paj^acy, wdiich founded the first chemical 
trust, the Societas Aluminum, in 1462.^-^^ Unfortunately 
papal alum was dear, and the effort to enforce the monopoly by 
threats of hell-fire was another reason impelling the clothiers of 
the North to favour the Reformation. In the celebrated in¬ 
dulgences issued by the popes to pay for the building of St 
Peter’s, and which led to Luther’s defiance of Rome, we find 
among the few crimes for which even the indulgence could 
obtain no forgiveness was the traffic in alum from rival sources. 

Another great chemical development was in the art of 
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distillation^ which Wcis so expanded and improved that it under¬ 
went no further serious change until well into the eighteenth 
century. Not only were strong spirits drunk on a large scale 
in Europe^ but they proved to be second only to gunpowder in 
persuading ignorant savages to give up their lands and even 
their bodies. By the end of the Renaissance the chemical 
laboratory, with its furnaces, retorts, stills, and balances, had 
taken a shape that was to lead without any radical change to the 
laboratories of today (Fig. 8). 

t.z~navigation and astronomy 

Voyages and discoveries 

The technical developments in mining and metals owed 
little to science, though they gave much to it. It was otherwise 
with the great voyages that were to open the whole world to 
European capitalist enterprise. These were the fruit of the 
first conscious application of astronomical and geographic 
science to the service of glory and profit. It was natural that 
the Italian and German cities—Venice, Genoa, and even inland 
Florence and Nurnberg—with their widespread trade, should 
take the lead on the theoretical side. There was a resurrection 
and extension of Greek geography brought up to date by old 
travellers’ reports such as those of Marco Polo and Rubriquis in 
the thirteenth century and by the results of recent ocean voyages. 
At the same time the Italians and Germans improved the appli¬ 
cation of astronomy to navigation, and initiated a drive for 
astronomical tables accurate and simple enough to be of use to 
sailors and for maps on which courses could be plotted. 

The practical side was primarily the concern of the Portu¬ 
guese and Spanish sailors, who combined the last effort of the 
Crusades with a practical eye for sugar plantations, slaves, and 
gold. Theory and practice met at the Court of Prince Henry 
the Navigator (1415-60) at Sagres, where Moorish, Jewish, 
German, and Italian experts discussed new voyages with sea¬ 
soned Atlantic sea captains. A great revision of the Alphonsine 
tables (p. 223) was carried out by Peurbach (i423”-5i) and 
by his pupil Regiomontanus (1436-76), who worked in 
Ntirnberg and was later assisted by Albrecht Diirer. In this 
work they used the old Ptolemaic system but simplified the 
calculations by means of the trigonometry of Levi ben Gerson 
(p. 225), thus going back to the Arabs and by-passing the 
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whole medieval mathematical effort. These tables and methods 
were of immediate use to the ocean navigators armed with 
Gerson’s cross-staff. In the late fifteenth century the tight 
monopoly of eastern trade by the Turks made it a tempting 
idea to break into the Indian Ocean by some other way than 
the Red Sea. The theorists argued about two possible alter¬ 
native routes. The most obvious^ and one that could be 
attempted step by step, was to round Africa. This was the 
way favoured by the Portuguese. It was successfully accom¬ 
plished by Vasco da Gama in 148B, though India was not 
reached till 1497. It was l)y no means certain in advance that 
it could be done because the land might reach to the Pole^ but 
there were legends that it had been done by the Carthaginians 
and there might be good pickings on the way. 

Christopher Columbus and the New World 

The other project which was canvassed among the astro¬ 
nomers and theoretical geographers such as the Florentine;, 
Toscanclli (1397-1482), was to sail w(‘stward over the un¬ 
travelled ocean to find China at the other side of the round world. 
But to discuss such a hypothesis was a very different thing from 
making the actual aUein])t of sailing straight out to sea. In 
pojmlar imagination anything might happen to such adven¬ 
turers. They might sail on for ever; they might fall over the 
edge of the world. The one thing that no one foresaw was that 
there might b(‘ a continent in the way. The man who was will¬ 
ing to make tlie attempt has always been reckoned the prince of 
navigators and the most fortunate of explorers, “ A Castilla y a 
Leon, Nuevo Mundo dio Colon,” though he got littlebuttroublc 
for it himself. Columbus was very far indeed from being a 
scientist or having any clear idea of what he was trying to 
What he did have was the mystical inspiration that he could, 
by sailing over the ocean, discover new islands, even Cathaya, 
or rather, that he was a chosen vessel—Cliristophoros, the 
Christ carrier -destined for the discovery of the vision of the 
apocalypse of ” A new heaven and a new eartli.” It was this 
vision, part religious, part scientific, that gave him the power, 
as a penniless man, to secure in the end support for his enter¬ 
prise. It was something that could not have been thought of 
before and it was difficult enough to do even in the stirring and 
adventurous fifteenth century. Columbus had to hawk his 
idea for ten years round the courts of Portugal, Spain, England, 
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and France, being turned down by one expert committee after 
another. At last it was only by backstairs influence that he 
got permission to sail with a lOO-ton ship and two pinnaces, 
but holding a contract assuring him of the title. Admiral of the 
Ocean Sea, and heavy royalties if lie should find new land. 
The contrast between the successive expeditions of the Portu¬ 
guese round Africa, and of Columbus venturing everything to 
sail straight across the Atlantic, is typical of that between the 
technical advance, depending on a steady improvement of 
tradition, and a scientific one which uses reason to break radi¬ 
cally with tradition. For however mystical the internal motives 
of Columbus himself, the support he received for his voyages was 
given on the strength of a practical assessment of the return to 
be expected from the verification of a scientific hypothesis. 

Columbus never knew he had discovered a new continent, and 
it got its name years later from that of the Florentine, Amerigo 
Vespucci, a learned friend of Leonardo, who was more success¬ 
ful in writing up his discoveries. It was left in the end to the 
Portuguese, Magellan, in the service of Spain, to complete the 
proof by showing how to sail round the world. Magellan 
himself never completed the voyage, being killed in the Philip¬ 
pines. 'Fhe first man to return to his home after sailing round 
the world was his Malay slave. 

Economic and scientific effects 

I’hc economic efiects of the great navigations were both 
immediate and lasting. I'hc short-circuiting, by an open sea 
route, of the traditional Arab overland and transhipping trade 
that had been so rewarding to them and to the Turks, brought 
immense profits to the Portuguese while ruining the Venetians. 
Later, the exploitation of the mines and the sugar and tobacco 
plantations of America by means of slave labour snatched from 
Africa was to bring in a larger and more stable income to Spain 
and the other colonial powers. Owing to the backwardness of 
the Spanish economic system this wealth, however, did not stay 
in the country, for both the exploitation of mines and of trade 
were in the hands of foreigners, and went to furnish the capital 
for the industries of Holland and Britain. 

The effects on science were also decisive. The success of the 
early voyages created an enormous demand for shipbuilding 
and navigation. It brought into being a new class of intelli¬ 
gent, mathematically trained craftsmen for compass, map, and 
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instrument making. This was the beginning of a scientihe 
public^ and furnished both a training ground and a livelihood 
for intelligent youths of all classes. Navigation schools were 
founded in Portugal^ Spain^ England^ Holland^ and Francc.^*^®^ 
The motion of the stars now had a cash value (p. 292) and astro¬ 
nomy stood in no danger of being neglected^ even after astrology 
had gone out of fashion. 

At the same time the twin discoveries of the old and wealthy 
civilizations of Asia^ and the new world of America, with all 
their strange customs and products, made the classical world 
seem provincial and encouraged men with the knowledge that 
they had achieved something new which the Ancients had not 
even been able to think of. The new field, now opened to 
observation and description, needed new methods to analyse it. 
The navigations represented indeed as great a break-through 
in the sphere of the intellect as they did over the sphere of the 
earth. The initiators of the Renaissance hoped and worked 
for a new age. By the mid-sixteenth century they could feel 
they had achieved it. The humanist, Jean Fcrnel, physician 
to the King of France, and the first man of modern times to 
measure a degree of the meridian, expresses the new spirit in 
his Dialogue in about 1530. In justifying new ways in medicine 
he says: 

But what if our elders, and those who preceded them, 
had followed simply the same path as did those before them ? 

. . . Nay, on the contrary it seems good for philosophers 
to move to fresh ways and systems; good for them to allow 
neither the voice of the detractor, nor the weight of ancient 
culture, nor the fullness of authority, to deter those who 
w^ould declare their own views. In that way each age pro¬ 
duces its own crop of new authors and new arts. This age 
of ours sees art and science gloriously re-risen, after twelve 
centuries of swoon. Art and science now equal their 
ancient splendour, or surpass it. This age need not, in any 
respect, despise itself, and sigh for the knowledge of the 
Ancients. . . . Our age today is doing things of which 
antiquity did not dream. . . . Ocean has been crossed by 
the prowess of our navigators, and new islands found. 
The far recesses of India lie revealed. The continent of 
the West, the so-called New World, unknown to our fore¬ 
fathers, has in great part become known. In all this, and 
in what pertains to astronomy, Plato, Aristotle, and the 
old philosophers made progress, and Ptolemy added a 
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great deal more. Yet, were one of them to return today, 
he would find geography changed past recognition. A new 
globe has been given us by the navigators of our time.^*®'*^^ 

The Copernican revolution 

It is no accident that it was in the field of astronomy, so 
closely related to that of geography, that was to come the first 
and in some ways the most important break in the whole 
ancient system of thought. This was the clear and detailed 
exposition by Copernicus of the rotation of the earth on its 
axis and its motion around a fixed sun. Descriptive astronomy 
was the only science at that time' which had accumulated 
enough observations and developed mathematical methods 
accurate enough to permit hypotheses to be set out clearly and 
tested numerically. Also, as \ve have seen, it was a centre of 
renewed interest both for its old astrological and its new 
navigational use. These in themselves might well not have 
led to any radical advance. Professional astronomers like 
Peurbach (1423-61) and Regiomontanus (1436-76) found the 
old methods, with minor improvements, good enough for them. 
Nevertheless it is to them and the Renaissance spirit which led 
them to seek for Greek originals that vve owe the new astronomy. 
Peurbach was in the service of Cardinal Bessarion (c. 1400 
1472), the Byzantine humanist, and was engaged by the Pope 
in the reform of the calendar. 

What Copernicus added w'as the new critical spirit, an 
appreciation of aesthetic form and the inspiration of newly edited 
texts which could also be used to balance one ancient authority 
against another. For, as w^e have seen, the idea of the rotation 
of the earth was by no means a new^ one. It goes back to the 
very foundation of Greek astronomy and was stated in so many 
wwds by Aristarchus in the third century b.o. (p. 157). It 
had always remained as an alternative—though paradoxically 
absurd—view of the motion of the stars; for it was self-evident 
that the earth did not move, while the sun, moon, and stars 
could be seen to do so. Courage as w^ell as science would be 
needed to upset the common-sense view. The man who was 
to dare to do this, for all his retiring nature, had plenty of 
courage and, as a Renaissance humanist, had all the incentives 
to achieve this decisive break with the past. 

Nicholas Copernicus was born at Torun in Poland in 1473, 
was educated at Bologna for astronomy, at Padua for medicine, 
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and at Perrara for law, and spent most of his life as canon of 
Fraucnburg. As this cathedral town was situated in the 
disputed territory between the Teutonic knights and the king¬ 
dom of Poland^ he had much to do with war and administra¬ 
tion ; but his main interest was always astronomical and he 
devoted the whole of his private life to the effort to find a more 
rational picture of the heavens, which he set out in final form in 
his book On the Revolution of the Celestial Orbs which was printed 
only in the very year of his death in 1543. In it he postulated 
a system of spheres centred round the sun rather than the earth, 
assuming the rotation of the earth and showing in detail how 
this could account for all astronomical observations. His 
reasons for this revolutionary change were essentially philo¬ 
sophic and jesthctic.'"-^ Sj)eaking of his sun-centred system and 
its implication of th(‘ almost infinite distance of the stars he 
writes: 


1 think it is easier to believe this than to confust^ the issue 
by assuming a vast number of SphcTes, which those who 
keep Earth at the centre must do. We thus rather follow 
Nature, who producing nothing vain or superfluous, often 
prefers to endow one cause with many eflects.^*^^*^'* 

And then after describing the planetary orbs one after another 
he ends: 

In the middle of all sits Sun enthroned. In this most 
beautiful temple could we place this luminary in any better 
position from which he can illuminate the whole at once? 
He is rightly called the l^amp, the Mind, the Ruler of the 
Universe; Hermes Trismegistus names him the visible 
(Jod, Sophocles’ Electra calls him the All-seeing. So the 
Sun sits as upon a royal throne ruling his children the 
planets which circle round him. The Earth has the Moon 
at her service. As Aristotle says, in his de Anim.alibus, the 
Moon has the closest relationship with the Earth. Mean¬ 
while the f^arth conceives by the Sun, and becomes 
pregnant with an annual rebirth. 

Here also wt see both a return to a most ancient, indeed a 
magical, view of the universe and an exaltation of the central 
monarchy, le Roi SoleiL 

The presentation of the solar system took some time to have any 
effect. A few astronomers appreciated it as a means of improv¬ 
ing calculations. The Prussian tables w^cre prepared in 1551 
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on the basis of the Copcrnican system, but few believed it was 
really true. Besides being repugnant to common sense, there 
were many objections that affected the learned, particularly as 
to how the earth could go round without producing a mighty 
wind or deflecting the fall of shot. These were only finally 
removed by Galileo (p. 297). 

Nevertheless the mere idea of an open universe, with the 
earth but a small part of it, was shattering to the old image of 
closed concentric crystalline spheres, divinely created and 
maintained in motion. If there were new worlds on the earth, 
might there not also be in the sky ? This was the heresy for 
which Bruno was to die. 

The achievement of the Renaissance 

The first phase of the Scientific Revolution was mainly a 
destructive one in tin' field of ideas, though illuminated by the 
one brilliant constructive hypothesis of Copernicus. Not only 
in astronomy but also in other fields of interest—in anatomy, 
in chemistry—the old ways of thought were proving inadequate 
and unsatisfying. The men of the Renaissance, even if they 
had found the solutions to few of th(^ problems they had 
raised, had at least cleared the ground for the solution of the 
remainder in the great struggle of ideas of tlu^ succeeding 
century. 

In the use of science, by contrast, the Renaissance marked an 
era of decisive achievement. The scientific effort of the early 
Middle Ages had faded away, largely, as has been suggested, 
because no practical use could be found for it. The achieve¬ 
ments of the Renaissance navigators did provide just what was 
necessary—a secure and growing field of application. And 
this field required astronomy and navigation, just those parts of 
science best preserved from classical times and most actively 
maintained in the scr\ ice of astrology and calendar-making. 
Further supports were to be provided for the science of 
mechanics in the development of machines, and for that of 
dynamics in the development of gunnery. From now on 
science was secure; it had become a necessity for the most vital, 
active, and profitable of enterprises—for trade and war. Later 
it could extend its services to manufacture, agriculture, and 
even medicine. The overall importance of the Renaissance 
was that it marked the first break-away from the economy, the 
politics, and the ideas of the feudal Middle Ages. Most of the 
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constructive work had still to be done, but there was to be no 
turning back. Science was beginning to make its mark on 
history. 

SECOND PHASE: SCIENCE DURING THE 
FIRST BOURGEOIS REVOLUTIONS 1540-1630 

The period roughly from 1540 to 1650 has no convenient 
name in history. It has been called the Counter-Renais¬ 
sance/*^ but this would indicate a far greater degree of reaction 
to the earlier phase than actually took place. It includes the 
Counter-Reformation, with the Baroque style that was its 
visible expression, the Wars of Religion that raged in turn in 
France (1560-98), in the Low Countries (1572-1609), and in 
Germany (1618-48), and the establishment of tlie States 
General of Holland in 1576 and the Commonwealth of England 
in 1649. these events it was the last two that were to have 
the greatest ultimate significance. They point to the political 
triumph of the new bourgeoisie in the two countries in which 
was concentrated the bulk of the world's trade and manu¬ 
facture. 

In science the period includes the first great triumphs of the 
new observational, experimental approach. It opens fresh 
from the first exposition of the solar system by Copernicus and 
closes with its firm establishment— despite the condemnation of 
the Church™ through the work of Galileo. It includes in its 
scope Gilbert's description in 1600 of the earth iis a magnet 
and Haivey's discovery in 1628 of the circulation of the blood. 
It witnesses the first use of the two great extenders of visible 
Nature, the telescope and tlie microscope. 

Economically the century was dominated by the cumulative 
effects of the navigations, which by then involved a trade 
comparable with the old internal trade of Europe. It was 
specially marked by the great increase in prices brought about 
by the influx of American silver. The breakdown of feudal 
land-holding in western Europe, especially in Holland and 
England, had thrown on the market landless people, and, at the 
same time, the real wages of hired workers were seriously 
depressed. This had the effect of lowering the cost of products 
in a period of rising prices and increasing markets, and at the 
same time of providing an abundant labour force for manu¬ 
facturers. The result was an unprecedented increase in the 
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wealth of those traders and manufacturers who were on the 
new oceanic trade routes and could draw on new resources 
and supply new markets/^*^’^**^ The combined elfects of the 
change in trade routes and wars were to ruin the economy of 
Germany, which had been the most progressive part of Europe 
in the early sixteenth century. 

The loss at the old centre was more than made up on the 
periphery. The new economic centre of Europe, and by then 
indeed of the world, was in the lands round the North Sea, first 
Holland, then England and northern France. There, unlike 
the other maritime countries Spain and Portugal, where 
conditions remained feudal, manufacture could be combined 
with trade. The German and Italian craftsmen emigrated and 
rapidly spread the technical and artistic achievements of the 
Renaissance to the now dominant northern nations. At the 
same time the need for corn to feed the growing populations 
of Holland and England, and for flax, timber, pitch, and iron 
for their shipping, stimulated the economic development of the 
Baltic countries, where Denmark, Sw^eden, Poland, and Russia 
in turn began to emerge as independent powers. 

The moving spirits and the main beneficiaries of this second 
phase of the economic revolution w ere the merchants of Holland 
and England, who were backed by flourishing agriculture and 
fislieries. Wealth brought political power to the bourgeoisie, 
but this did not come easily. It took years of struggle and open 
warfare before the kings, first of Spain and then of England, 
were forced to realize that they could no longer hold their 
wealthy Dutch or English subjects under feudal conditions that 
hindered them in the pursuit of profit. The ostensible reasons 
for this struggle w'cre religious, and this had at least the justifica¬ 
tion that the political and economic convictions and practice 
of the new bourgeoisie were more naturally expressed in Cal¬ 
vinist than in Catholic or even in Imthcran terms. 

The advance of technology 

Technically the century w^as one of steady advance in scale 
and performance, without any of the revolutionary innovations 
that characterized the centuries before and after. Agriculture 
was still the predominant occupation and woollen cloth¬ 
making the major industry. Nevertheless change was in the 
air. Shipbuilding improved with experience and wuth it 
navigation. The increase in trade and the lowering of trans- 
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port costs led to a much wider distribution of wealth among the 
bourgeoisie. Rare luxuries, such as silks and glass, became 
commodities, while new products from cast and west, such 
as cottons, porcelain, cocoa, and tobacco, began to come into 
European markets. Painting, in the Flemish and Dutch 
schools, began to leave the service of religion and the exaltation 
of nobility to portray ordinary people eating, drinking, and 
making merry. It is in this time that the Dutch set the standard 
of bourgeois comfort in tOAvn and country houses, and invested 
good money in gardens and fields. 

The blast ftmiacc and cast iron 

An ultimately more momentous change was occurring almost 
unperceived in the methods of production of less spectacular 
goods, ])articularly of iron. It was in this period that the 
transformation in iron metallurgy that had been maturing 
in Europe since the fourtc'enth century first began to have a 
decisive effect. Cast iron had been known in China since the 
first century b.c:. (p. 102), but its appearance in Europe seems 
to have been quite independent. Its production is typical of a 
crucial change brought about by a mere increase in the scale of 
operation. For 3,000 years iron had been made by low- 
temperature reduction with charcoal in small bloomcry 
furnaces, leaving the iron in a pasty mass (p. loi). Throughout 
the Middle Ages these furnaces came to be made larger and the 
blast for them was provided by bellows, ultimately driven by 
w^ater-power. Occasionally the temperature was high enough 
to melt the iron and turn the malleable bloom ” into an 
intractable bear.” Then, first in the Rhineland in the 
fourteenth century, came the idea of running off the iron on to 
the floor in front of the furnace into a hollow w hich soon became 
the sow ” w'ith its litter ofpig ” iron. This pig iron w^as at 
first difficult to refine and improvement w^as slows but, as the 
knowledge of the process spread, bloomeries gave way to the 
new^ blastfurnaces, and by the end of the sixteenth century iron 
began to be poured out by the ton instead of being beaten out 
by the hundredweight.^'-^ 

The limitation that dear iron had imposed on all techniques 
w^as rapidly removed, but a new^ bottle-neck appeared, caused 
by the shortage of the wood charcoal needed to smelt the larger 
quantities of iron. Old-established iron regions, like the Weald 
of Sussex, lost tlieir predominance, which passed to Sweden 
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and Russia with their large supplies of timber. Iron, indeed, 
was a major factor which, through the trade war, brought them 
into world economy. Cast iron was used first and foremost for 
weapons, especially cannon, once the bronze bell-founders’ art 
could be applied to it. England early acquired a reputation 
for good cannon and they were marketed on strictly business 
principles. The guns of the galleons of the most Catholic 
King of Spain and those of the infidel Bey of Algiers were as 
likely as not to have been cast in Sussex.^*^® 

The use of coal 

The shortage of wood for iron-smtdting was only one reason 
among many for the acute timber crisis that affected Holland 
and England in the late sixteenth century. General mercantile 
prosperity raised the demand for timber—for ships and houses, 
for firewood, for salt-makers, soap-boilers, maltsters, as well as 
for domestic uses- far beyond the capacity of the local forests. 
Some could be imported, but a remedy lay ready to hand in the 
pit coal that had been worked from open seams in Northumbria 
and Scotland since Roman times, and had already found a dis¬ 
tant market as sea coal in London and even on the Continent in 
tlie Middle Ages. It was pretty filthy stuff, but it came to be 
used by the citizens for fuel despite all laws prohibiting its use. 

As the price of firewood soared in the sixteenth century, more 
and more uses were found for coal, and its production increased 
rapidly. In the seventy years from 1564 to 1634 the annual 
shipments of coal from Ncwceistlc rose fourtcenfold to nearly 
half a million tons.^-"^ Correspondingly more technical 
effort was put into mining it from deeper and thus more easily 
flooded pits. This led to the use of devices largely taken over 
from the metal mines of Europe—improved pumps and the 
wooden rail way for running the trucks out of the mines. Coal 
was indeed to solve the recurrent fuel crises that in the past had 
driven civilization further and further to uncut backwoods. 
From then on the centre of industry, and with it the centre of 
civilization, was to move towards the coalfields, where it was to 
be fixed for another 400 years at least. It was this, rather 
than any other factor, that was to lead to the industrial pre¬ 
dominance of Britain. As that shrewd observer Daniel Defoe 
put it in his description of the West Riding of Yorkshire: 

. . . such has been the bounty of Nature to this otherwise 
frightful country, that two things essential to the business, 
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as well as to the case of the people are found here, and that 
in a situation which I never saw the like of in any part of 
England; and, I believe, the like is not to be seen so con¬ 
trived in any part of the world; I mean coals and running 
water upon the tops of the highest hills: This seems to 
have been directed by the wise hand of Providence for the 
very purpose which is now served by it, namely, the 
manufactures, which otherwise could not be carried on; 
neither indeed could one fifth ])art of the inhabitants be 
supported without them, for the land could not maintain 
them. 

Neither in the technical innovations involved nor in the use of 
science can the industrial upsurge of the late sixteenth and 
early seventeenth centuries, which has been called the first 
Industrial Revolution/*'^ be compared with the great Industrial 
Revolution of the eighteenth century. Nevertheless, we can 
see now that it was its essential prelude. Before it was conceiv¬ 
able or possible to change from a wood and water-power 
technology to an iron and coal one, the change had to be 
demonstrably necessary. It was the pressure of the demand of 
the first Industrial Revolution on the limited resources which 
had sufficed for the feudal economy of the Middle Ages that 
forced the search for new resources and new techniques. 

The projectors : Simon Sturtevant 

It was also that same pressure that finally altered the attitude 
towards novelty. Once profit was legitimate and novel 
methods could promise riches, novelty was to be embraced 
rather than shunned. This was the shop that sold the “ new 
thinking cap ” to which Professor Butterfield attributes the 
birth of modern science.^-^ The late sixteenth and early 
seventeenth century saw the first of the race of projectors, later 
called inventors. These did not merely talk, as Roger Bacon had 
done, of wonderful new machines but ofi'ered to make them, 
for a consideration, and sometimes even did so. 

Such a man was Cornelius Drebbel (1572-1634), who built a 
submarine which he showed in the Thames, but made a more 
profitable venture in introducing a scarlet dye. Such also 
was the forgotten and tragic figure of Simon Sturtevant, 
another Dutchman who aimed higher—at nothing less than 
“ the working, melting and effecting of Iron, Steele and other 
mettles with Sea Coale or Pit coale; the principal! end of such 
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invention is that the woods and timber of our country might be 
saved.” This comes from the preamble of his Patent The 
Treatise of Metallica Who Sturtevant was^ or what 

his secret was^ we may never know. The problem he set him¬ 
self was not solved in practice for another hundred years (p. 429), 
but he has left us a most precious account^ in many ways 
unsurpassed^ of the technical and economic aspects of invention^ 
written before the dawn of the new industrial age. Sturtevant 
begins with “ Heurctica—the Art of inventions^ teaching how 
to find new and judge the old.” This he further divides into 
an ‘‘ Organiek ” part, comprising the fixed capital, and a 
“ Technick ” part, comprising the skill of the “ Artizands.” 
In his analysis of the processes of invention he distinguishes 
drawings, models (superficiall and real Moddles), working 
models, prototypes (the Protoplast) , and finally the ” Grand 
Mcchanick,” or full-scale production set up after the form and 
type of the Protoplast in greatness, or with some profitable addi¬ 
tions which later experience has taught.” He was fully alive 
to development costs and the criteria of profitability, and had 
clear ideas as to the means of raising capital. Wliy then did he 
fail completely? It was not technical incapacity—he had 
already proved his worth by inventing pressed clay ware, which 
WT use to this day. 'flic n'asons appear in the seejuel to arise 
fiom the conditions of the time, which were quite unsuited for 
the kind of capitalist enterprise h(! foresaw with such surprising 
clarity. 

Sturtevant estimated the annual yi(‘ld of the iron monopoly 
at ;{^330,ooo. He accordingly divided his enterprise into 
thirty-three shares; of these the King, Princes , and the favourite 
Carr received eighteen, Sturtevant himself received one, and 
the remaining fourteen were to be distributed among those 
who shall adventure, joine or assist the work.” What with the 
court rake-off it is not surprising that it all came to nothing. 
Tw'o of the adventurers stole the patemt from Sturtevant, got 
him outlawed, and then failed to w^ork the jn’oeess themselves, 
since the original patent is a model of obscurity when it comes 
to particulars. 

Modern industry could not arise from feudal conditions, or 
even from the prerogative of a Renaissance prince who, lavish 
in his expenses, was always short of money and always being 
cheated. The real technical advance was made by the small 
men building up their capital out of their profits. This they 
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could achieve only in the next century^ when the privileges of 
kings^ nobles^ and corporations had been swept away (p. 429). 

The new experimental philosophers 

It was in this atmosphere that the new^ half-awakened science 
of Europe was to grow to maturity. Despite widespread 
privilege and corruption it was not by any means an unfavour¬ 
able one. Even the movement of the Counter-Reformation^ 
which successfully checked and turned back the advance of 
Protestantism in Europe, had not the same effect on science. 
Tlie Jesuits who directed it had the intelligence to realize that 
they were more likely to win souls by fostering science than 
by blindly opposing it. They accordingly entered fully into 
the scientific movement, particularly the new astronomy, and 
were even the agents for spreading it and setting up observa¬ 
tories in India, China, and Japan. At the same time they acted 
as watchdogs inside science to guard against any damaging 
effect it might have on true religion, and thus imintentionally 
gave an advantage to scientists in Protestant countries out ol‘ 
their control. 

The fifteenth-century concentration of science in Italy was 
replaced by a wide diffusion over Europe, though Italian 
intellectual pre-eminence was for some time to outlast political 
and economic decadence; for Italy, the first of the countries 
of western Europe to break away from tln^ feudal tradition, 
remained the centre of European culture long after she had 
lost her political and economic importance. That culture was 
a well-balanced one, since in Italy, at first alone in Europe, the 
universities had largely been won for the new learning. The 
professors were moreover courtiers, and were thus able to com¬ 
bine practical knowledge of the world and full acquaintance 
and contact with scholastic tradition. From whatever country 
new scientists came, wdicthcr from Poland, England, or France, 
it was in Italy that they acquired their knowledge and it was in 
Italy that they did much of their l)est w ork. 

The new experimental philosophers, or scientists as we would 
now call them (p. 7), no longer formed part of the intense 
city life of the Renaissance; they appeared more as individual 
members of the new bourgeoisie, largely lawyers, like Vieta, 
Fermat, Bacon ; doctors—Copernicus, Gilbert, Harvey; a few' 
minor nobles—Tycho Brahe, Descartes, von Guericke, and 
van Helmont; churchmen, like Mersenne and Gassendi; and 
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even one or two brilliant recruits from the lower orders^ like 
Kepler. In history they are made to figure as being isolated; 
but in reality they were^ because of their very small numbers^ 
always in far easier and quicker contact with each other than 
scientists of today, with their vast numbers and the pressure, 
publication delays, and increasing military and political restric¬ 
tions to which they are subjected. 

Scientific education : Gresham College 

In Holland and in England there was even the beginning 
of scientific education, with a decided bent for navigation, in 
imitation of the Spanish and Portuguese schools of the first 
phase. The Flemings, Gemma Frisius (1508-55) and Gerard 
Mercator (1512-94), had shown the way in making accurate 
navigational charts. They were closely followed by English 
geographers, of whom the first, John Dee (1527-1608), though 
best known as an astrologer, was the friend and adviser of many 
of the great Elizabethan sailors and may rightly be claimed as 
the first British scientist of the new age. The first institute for 
teaching the new science in England was Gresham College, 
established in 1579 by the wall of Sir Thomas Gresham (1519-“ 
79), one of the great London merchants, financial agent to the 
Grown, and founder of the Royal Exchange. He personified 
the union between merchant capital and the new science. 
Unlike the College dc France of the earlier generation (p. 258), 
Gresham College was no mere humanist institution. Lectures 
were to be in English as well as Latin. Of its seven professors, 
two were appointed for the sciences of geometry and astro¬ 
nomy, and the latter was urged to lecture on instruments of 
navigation “ for the capacities of mariners.” Gresham 
College was to be for over a century the scientific centre of 
England and was to house the Royal Society, which at first 
met in its rooms. 

Most of the scientists of the period took for granted, what had 
been heresy in classical and medieval times, that science was 
primarily concerned with Nature and the arts and that it was 
its business to be useful. Most of them at one time or another 
were in State service and tried to justify their employment by 
practical inventions in peace and war. Their originality and 
individualism were only apparent. In most of their thought they 
necessarily relied on the same traditions, used the same methods, 
and were drawn to the same problems. These problems were 

288 



THE SCIENTIFIC REVOLUTION 

limited in number compared with either the qualitative 
Renaissance universalism or the systematic search of Nature of 
the succeeding phase of organized science. The main questions 
asked were those concerned with the working of the heavens, 
leading to the use of astronomy in navigation, with the move¬ 
ments of projectiles and machines, and with the gross mechanism 
of the human body. Their programme was no longer purely 
negative, as in the first phase of the Renaissance; they set out 
not so much to destroy the systems of Aristotle and Galen but to 
provide workable alternatives. In this they succeeded beyond 
all expectation, though the final synthesis was to be reserved 
for the age of Newton. 

7 . 5 ~- 7 //£ JUSTIFICATION OF THE SOLAR SYSTEM 

The implications of the Copernican revolution took some time 
to sink in. It was welcomed most readily by professional 
astronomers because of its simplicity and as a means, though 
still far from an accurate one, of improving astronomical tables. 
Next came those who found in it a convincing illustration of the 
stupidity of the old, medieval, Aristotelian world view or who 
were inspired by the vision of an infinite universe which it opened 
up. Of these the most famous was Giordano Bruno (1548 - 
i6oo).^-‘*® Born in Nola near Naples, of fiery temperament 
and penetrating imagination, he soon quarrelled with the 
monastic order which he had joined and led a wandering life 
throughout Europe, disputing and publishing books and 
pamphlets in which he mingled Lullian mysticism with the 
idea of the plurality of worlds. His ability was such that he 
impressed magnates and scientists alike, but his sharp tongue 
made him more enemies than friends and he was kept always on 
the move. At last, venturing incautiously into Venice in 1592., 
he was betrayed and handed over to the Roman Inquisition, 
who burnt him to death eight years later for heresy. He w as a 
martyr not so much to science as to freedom of thought, for he 
made neither experiments nor observations, but insisted to the 
end on his right to draw what conclusions he chose from the 
facts of science. 

Bruno made people think and argue about the Copernican 
theory. For every Catholic that his execution frightened, as 
many Protestants must have been encouraged. More solid 
arguments were needed, however, before the Copernican theory 
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could be established and profitably used. What the theory 
lacked in its first form was an accurate description of the orbits 
of the planets^ which w^as to be the work of astronomers to pro¬ 
vide, and also convincing arguments to justify the imper- 
ceptibility of the motion of the earth, a task which implied the 
creation of a new science of dynamics. 

Uraniborg and Tycho Brahe 

The first task was carried out by two remarkable men, Tycho 
Brahe (1546-1601) and his assistant, Johannes Kepler (1571- 
1630). Tycho Brahe, himself a Danish nobleman, w^as able to 
use enough influence with King Frederick II to build in 1576 
the first really scientific institute of the modern world—Urani- 
borg—on the island of Hveen in the Sound from whose tolls 
Denmark drew most of its wealth. There, w^ith specially made 
apparatus, he collected a series of exact observations on the 
positions of stars and planets that made everything that had 
been done before obsolete. He was influenced by Copernicus’ 
work, but he preferred a system of his own in which the sun 
turned round the earth but the planets turned round the sun, 
which is, of course, the Copcrnican system relative to a motion¬ 
less earth. In fact he chose the system that best fitted the 
observations without w^orrying about its physical absurdity. 
He had actually, without insisting on it, already shattered the 
Aristotelian system by demonstrating that the New Star of 1572 
lay in the sphere of fixed stars, where by definition no change 
could take place. Tycho lived in a transitional time for 
astronomy, just when the old need for astronomical data, almost 
exclusively for astrological purposes and consequently subsidized 
only by princes, was giving way to a new need for more exact 
astronomical data for the use of navigators. 

Kepler 

Tycho’s results became infinitely more valuable for the pro¬ 
gress of science when they were worked over by Kepler. He 
was the son of poor parents and lived a life of continual struggles 
and frustrations, partly due to his own strange character. He 
was the first great Protestant scientist, though he worked for most 
of his life in Catholic lands. He combined in a most unusual 
way a fantastic imagination, deeply tinged with number magic, 
with a scrupulous integrity in the accuracy of his measurements 
and calculations. The major drive behind his work was a 
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mystical desire to penetrate the secrets of the universe, as wit¬ 
ness the title of his first work, Myslerium Cosmologicum,^*^^ But 
he had to live, and, as he said, “ God provides for every animal 
his means of sustenance—for astronomers He has provided 
astrology.’’ He assisted Tycho in his last years in the crazy 
alchemical-astrological institute that the Emperor Rudolph II 
had set up in Prague. The presence of active and subsidized 
scientific research in sixteenth-century Poland, Denmark, and 
Bohemia was in itself a sign of the new economic development 
that these countries, on the fringe of feudal Europe, were then 
undergoing. 

There Kepler tried to find the best way of representing plane¬ 
tary motions by a single curve. Copernicus had still stuck to 
circles and epicycles, but not only were these clumsy but they 
could not be made to fit the new accurate observations. 
Kepler found, after many failures, that the only explanation of 
the observed movement of the planet Mars was that its orbit was 
an ellipse with the sun as focus. The idea of elliptical orbits 
was not completely new; it had been suggested by Arzachel 
(1029-87) of Toledo in the eleventh century, but on quite 
inadequate data. Kepler succeeded because he came at a 
time when the data were exact enough to show that no circle or 
combination of circles would do, and not so late for them to be 
so exact that it was apparent that the orbits were not true ellipses 
but more complicated curves, which were to be explained only 
by Einstein. 

The hypothesis of elliptical orbits, and the two other laws by 
which Kepler explained the speed of a planet in its orbit, not 
only removed the main astronomical objection to the hypo¬ 
thesis of Copernicus, but they also struck a mortal blow at the 
Pythagorean-Platonic view of the necessity of the heavens 
showing perfect—that is, circular—motions only, which even 
Copernicus had retained. These purely astronomical calcula¬ 
tions of Kepler were not, however, the decisive element in 
producing the great revolution in men’s minds leading to an 
altogether new view of the universe, though they were to be 
the observational basis of a quantitative, dynamical explanation 
which Newton was later to work out (pp. 334 f.). 

The telescope 

The step that was to prove decisive in securing the acceptance 
of the new view of the heavens was not to be any further extension 
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of astronomical calculation, appreciated only by experts, 
but a direct physical means available to all of bringing the 
heavens down to earth so that sun, moon, and stars could be 
more closely examined; in other words the invention of a 
telescope or far-seer. 

The telescope was probably not itself a creation of science: 
it appears rather obscurely in Holland as a by-product of the 
manufacture of spectacles. Legend has it that it was about the 
year 1600 when some child in Lippershey’s shop first looked 
through one lens at another in the window and noticed that it 
made things outside seem nearer. The fact that no scientific 
genius was required to invent the telescope shows that it was 
long overdue. The need for it had alw'ays existed, but nothing 
was done because it w^as not thought to be realizable. The 
means of making it had in fact been available for some 300 
years. It seems, however, to have required the mere quantita¬ 
tive concentration of optical manufacture that went with the 
greater wealth of the sixteenth century to bring about its dis¬ 
covery by chance. 

Galileo Galilei 

The telescope was to prove the greatest scientific instrument 
of the age. The bare news of it reaching the ears of the 
professor of physics and military engineering at Padua, Galileo 
Galilei (1564-1642), determined him to make one himself and 
turn it on the heavens. Galileo was already a convinced 
Copernican, as well as being deeply interested in the move¬ 
ments of pendulums and tlie related problems of the fall of 
bodies. In the first few nights of observation of the heavens he 
saw enough to shatter the whole of the Aristotelian picture of 
that serene clement. For the moon, instead of being a perfect 
sphere, was found to be covered with seas and mountains; the 
planet Venus showed phases like the moon; while the planet 
Saturn seemed to be divided into three. Most important of all, 
he observed that around Jupiter there circled three stars or 
moons, a small-scale model of the Copernican system, which 
anyone who looked through a telescope could sec for himself. 

With his keen sense of publicity and of the material value of 
his discoveries, which he found in no way incompatible with the 
pure joy of discovery, Galileo immediately tried to sell the titles 
of these stars in succession to the Duke of Florence (a Medici), 
to the King of France, and to the Pope, but the celestial honours 
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seemed too expensive to all of them. Later, when the more 
practical end of using their motion to determine longitude at 
sea occurred to him, he tried to sell the secret to the King of 
Spain and the States General of Holland, who had both offered 
prizes for the discovery of the longitude, but still found no 
lakers.^ 

These attempts, however, were to Galileo mere side-shows. 
He sensed at once the really revolutionary character of the new 
observations. Here he had for everyone to see the very model 
of Copernicus’ system in the sky. This was knowledge not to 
keep but to broadcast. Within a month, in i6io, he had 
published what was clearly a scientific best seller, Siderius 
NuntiuSy i.e. “ Messenger from the Stars,” in which his observa¬ 
tions were set out biicfly and plainly. It created a great 
sensation and still it met with no immediately unfavourable 
reaction. The trial was not to be for another twenty-four years, 
and while a qualified condemnation of Copcrnican view's was 
pronounced in 1618, it placed no obstacles to their being con¬ 
sidered as a mathematical representation of the motions of the 
lieavens. A few hard-bitten Aristotelians refused to look 
through the telescope, as they knew perfectly well what was in 
the lieavens by the exercise of sheer reixson. As long as reason 
and oliscrvation could be kept in different spheres of discourse 
there w'ould be no trouble. 

The fall of bodies : dynamics 

But Galileo felt it was not sufficient to have verified by 
oliservation the aesthetic preference of Copernicus. It was 
also necessary to justify it by explaining how such a system 
could exist, and by removing the objections which both philo¬ 
sophy and good sense had raised to it in the past. It was 
nreessary to explain how the rotation of the earth could occur 
without a mighty wind blowing in the opposite direction and 
liow bodies projected through the air would not be left behind. 
This meant a serious study of bodies in free motion, a problem 
which had already become of great practical importance in 
relation to the aiming of projectiles. 

By that time the impetus theory of Philoponos (p, 185), 
passed on by the Arabs and elaborated by the Parisian Nomina¬ 
lists (p. 221), was gaining acceptance. The projectile, on leav¬ 
ing the gun, was supposed to be endowed with an impetus or 
vis viva which for a while destroyed its natural propensity to fall 
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Fig. ic). THF CANNON IN RENAISSANCE TECHNOLOGY AND 

SCIENCE 

(a) Drilling cannon by water and hand power (p. 239). 

. from Biringuccio’s Pirolechriia. 

[b) The trajectories of cannon balls shot at various angles of elevation. The 

impetus theory is responsible for the straight first position (p. 293). 

From Cespedes* Instrumentos Nemos de GiomHria, i6t)6. 


294 













THE SCIENTIFIC REVOLUTION 

downwards. Tartaglia (1500-57), Benedetti (1530-90), and 
others in the sixteenth century had elaborated this explanation 
by inserting between the violent rise of the projectile and its 
natural fall a circular mixed motion producing a trajectory that 
for the mortar bombs of the period was not too bad an approxi¬ 
mation. What it lacked, however, was any logical or mathe¬ 
matical justification (t^g. 10). 

Experimental physics 

Galileo succeeded, where others had failed, in formulating 
a mathematical description of the motion of bodies. This was 
to be the major work of his life, expressed fully only in his 
Dialogues on Two New Sciences, published after his condemnation 
but implicit in the Dialogue Concerning the Two Chief Systems of the 
World, which was to be the immediate cause of his conflict with 
the Church. Galileo proceeded to question all the accepted 
views and to do so by the new method, the method of experi¬ 
ment. Whether or not in fact he dropped weights from the top 
of the tower of Pisa is not the essential point; we know that he 
used both the pendulum and the inclined plane to make accurate 
measurements of the fall of bodies. 

These were almost l)ut not quite the first experiments of the 
modern science. They differed from the experiments of the 
thirteenth-century scholars mainly in being exploratory rather 
than illustrative, and even more by their quantitative character, 
which could be fitted into mathematical theory. Galileo him¬ 
self showed a transitional attitude towards his own experiments. 
He once stated that he carried them out not to convince himself 
but to convince others. He was superbly confident in his 
power to interpret Nature by reason. In this sense they were 
rather demonstrations than experiments. Nevertheless he 
really did carry them out, unlike the ideal, paper experiments 
which befog modern physics; and what is more, when they gave 
results he did not expect, he did not reject them but turned back 
to question his own arguments, thereby showing the essential 
humility before fact that is the hall-mark of experimental 
science. 

The mathematical interpretation of Galileo’s experiments on 
falling bodies here proved to be far more difficult than the 
experiments themselves. The idea that had to be grasped was 
that a body that was changing its speed all the time could have 
any particular speed at a given moment. As a matter of fact 
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Galileo went wrong to start with and assumed that speed was 
gained in proportion to the distance gone through by the body^ 
whereas, as he himself was later to conclude, it depended 
directly on the time the body was falling.^-®^ To understand 
the falling of bodies, and consequently both the motions of 
cannon balls in the air and of the moon in the sky, it was 
essential to grasp the very difficult physical idea of the velocity 
at a moment of time. This corresponds to the mathematical 
idea of a differential, dxldl\ the ratio of two quantities that 
remains constant even if the quantities themselves become 
vanishingly small. Galileo used these ideas without precisely 
formulating them. By combining exact experiment and 
mathematical analysis, he solved the relatively simple problem 
of the fall of bodies, showing that in the absence of air they 
followed a parabolic path. In doing so he provided the first 
clear example of the methods of modern physics, which ^vere 
to have such an extraordinarily successful development in 
succeeding centuries. Indeed the exact physical method he 
initiated has, until very recently, been taken as the basic method 
of science, one to which all other science may in the end be 
reduced. 

The renaissance of malhematics 

The achievement of Galileo and Kepler was possible because 
they were masters of the new mathematics that liad blossomed 
with the Renaissance. Vieta (1540-1603) had taken the 
decisive step of making all algebraic argument symbolic by using 
letters for both known and unknown quantities not only in 
algebra but also in trigonometry. This purely technical device 
enormously speeded up calculations and removed the confusion 
that words inevitably induce. Thanks to his work, as well as 
that of Cardan (1501-76) and Tartaglia, algebraic methods 
could be employed for dealing with any problem where quanti¬ 
ties could be reduced to numbers. The old Greek geometry 
still retained its prestige, especially since the recovery of the 
works of Archimedes, first edited by Tartaglia in 1543; but 
numerical calculations could be dealt with far more easily by 
the methods of algebra. An enormous practical step forward 
was registered when Simon Stevin (1548-1620) introduced 
decimals in 1585, and Napier (1550-1617) logarithms in 1614. 
By shortening computations by a large factor it effectively 
multiplied the number of working astronomers and physicists. 
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To complete the chain of argument it was necessary for 
Galileo to link mathematics with mechanics. How to do this 
was a major preoccupation throughout his whole scientific life. 
Leonardo was groping after a quantitative approach to 
mechanics; Galileo^ with the advantages of better experiments 
and a more applicable mathematics^ fully grasped it. He 
became one of the founders of scientific engineering. Another 
was the same Simon Stevin of Bruges^ the first great engineer 
of the new Holland^ who took a large part in the war of libera¬ 
tion. He was responsible for the laws of composition of forces 
and for the foundations of quantitative hydraulics. 

Statics and dynamics: primary and secondary quantities 

A full understanding of the movement of massive bodies 
requires a treatment of forces first in equilibrium^ as in statics, 
then out of equilibrium^ as in dynamics. These were the “ Two 
new Sciences’’in which Galileo laid the foundations not 
only of the laws of motion but also of the mathematical theory 
of the strength of materials^ which he based on discussions with 
master shipwrights. 

Galileo stated more clearly than anyone before him that the 
necessary and intrinsic properties of matter—the only ones in 
fact that could be dealt with mathematically, and therefore 
with any certainty—were extension, position, and density. All 
others, tastes, smells, colours, in regard to the object in which 
they appear to reside arc nothing more than mere names. They 
exist only in the sensitive body. . . This was not understood 
by the advocates of the new science as a limitation, but as a 
programme of reduction of all experiments to the primary 
qualities of ‘‘ size, shape, quantity, and motion.” 

The destruction of ancient cosmology 

To win general recognition for his new mathematical- 
mechanical science Galileo had first to destroy the Ptolemaic 
system of the heavenly spheres and with it, as he himself saw 
clearly, the whole Aristotelian philosophy which for nearly 2,000 
years had been the foundation not only of the natural but 
also of the social sciences. He was particularly suited for the 
task, as he had seen Aristotelian philosophy at its best in Padua. 
He was no outsider, but was able to refute the master by his own 
logic in the way in which scholars could not ignore, however 
much they might disapprove. Implicitly all his work was a 
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protest against Aristotelians, but his first explicit blast came in 
1632 in his polemical book Dialogue concerning the Two Chiej 
Systems of the World, the Ptolemaic and the Copernican, which h(i 
dedicated to the Pope. Here, not in learned Latin but in 
Italian for all to read, he mercilessly criticized and ridiculed the 
officially held views on the most important of subjects. This 
was the first great manifesto of the new science. 

The trial of Galileo 

The challenge he put down could not be ignored and led 
directly to th(‘ fiimous trial. Galileo had made as many enemies 
in science as in the Church, and with tlu' publication of the 
Dialogue they redoubled their denunciations of him. It is 
difficult to realize now why such an academic point as the 
motions of the earth and the planets should have caused such a 
violent struggle, but in those days far more was seen to be 
at stake. After centuries of violent disputes, and at the cost of 
the greatest intellectual effort, the Christian Aristotelian com¬ 
promise had been hammered out. Even the doctrinal fjuarrels 
of the Reformation had not shakiai it. If the challenge in one 
essential aspect, the constitution of the lu^avcns, was ignored, 
how much furllua' might not the attack be pressed ? Already 
ardent Copernicans, such as Bruno and Campanella (1568 - 
1639), drawn conclusions from the ik‘w knowledge that 
thrc'atened the stability of the Church, government, public 
morals, and property itself fp. 228). Bruno had betm burnt, 
Campanella was imprisoned for years; but with Galileo it was 
a different matter: he had scientific piestige and powerful 
friends, his Catholicism was not in doubt, and, except in science, 
he was not a revolutionary. 

The trial was necessarily carried on in terms of the ideas and 
mode of reasoning of the Church and not those of Galileo, so 
that the result was a foregone conclusion. But the interesting 
fact is that the proceedings of the trial were kept secret, most 
probably because of the danger that their publication would 
reveal not the severity of the judges but their comparative 
leniency.The Pope and the Curia were more anxious 
about the possible reactions of th(‘ fanatical diehards of the 
Church than about those of the scientists. Galileo was con¬ 
demned and forced to make his famous rc'cantation, but he 
suffered a merely nominal imprisonment in the palace of one of 
his friends. In his retirement he was able to complete his work 
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on dynamics and statics and to publish it in the latter years of 
his life. 

Nevertheless, the event of the trial marked an epoch, for it 
dramatized the conflict between science and religious dogma. 
Through its effective failure, for the verdict was badly received 
by nearly all the learned, even in Catholic countries, it gave 
enormous prestige to the new revolutionary experimental 
science, especially in countries that had already overthrown the 
authority of Rome. Galileo’s achievement appears as the 
culmination of the attack on the old cosmology. From then 
on it was quietly dropped, and practical astronomers used the 
Gopernican- Kcplerian model of the solar system. Forty years 
later the observational laws of Kepler were to be combined with 
the dynamics of Galileo in Newton’s theory of universal 
gravitation. 

Magnetism : Norman and Gilbert 

One furtlier physical clue which led to that synthesis was the 
experimental study of magnetism, known to the world through 
the publication in 1600 of De Magnete by William Gilbert, 
Qiieen Elizabeth’s physician. The experimental discovery on 
which it was based, that of the dip of a balanced needle, had 
already been noticed by Hartmann (1489 -1564) in 1544 and 
studied in detail by Robert Norman [Jl, 1590), a mariner and 
compass maker, and one of the first scientists with neither 
gentle birth nor book-learning. He is fully conscious of his 
rights as he sets them out in the preface of his The Newe Attrac¬ 
tive (1581): 

. . . yet I meane God-willing, without derogating from 
them, or exalting myself, to set down a later experimental 
truth found in this stone, contrarie to the opinions of all 
them that have heretofore written thereof. Wherein I 
mean not to use barely, tedious Conjectures or imagina¬ 
tions : but briefly as I may to passe it over, grounding my 
Arguements only upon experience, reason and demonstra¬ 
tion, which arc the grounds of Art. And albeit, it may be 
said by the learned in the Mathematicalles, as hath beene 
already written by some, that this is no question or Matter 
for a Mechanitian or Mariner to meddle with, no more 
than is the finding of the longitude, for that must bee 
handled exquisitely by Geometricall demonstration, and 
Arithmetical Calculation: in which Artes, they would 
have all Mechanitians and Sea-men to be ignorant, or at 
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leaste insufficientlie furnished lo performe such a matter, 
alledging against the latin Provx'rb of Apelles^ sutor 
ultra crepidam. But I doe verily thinke^ that notwithstand¬ 
ing the learned in those Sciences^ being in their studies 
amongst their bookes^ can imagine greate matters^, and 
set downe their farre fetcht conceits, in faire showe^ and 
with plawsiblc words wishing that all Mechanitians were 
such^ as for want of utterance^ should be forced to deliver 
unto them their knowledge and conccites, that they might 
flourish upon them, and applye them at their pleasures: 
yet there are in this land divers Mechanitians^ that in their 
sevcrall faculties and professions^ have the use of those 
Artes at their fingers endes^ and can apply them to their 
s('vcrall purposes^ as effectually and more readily^ than those 
that would most condemne them. 

1 have quoted this at length as a manifesto of the challenge of 
new craftsmen to the old scholars. It finds an echo in the 
polemics of Gabriel Harvey (1545 -1630)^ the rope-maker’s son^ 
the friend of Spenser who claimed the same rights in literature 
that were shortly to be vindicated by the glover’s son William 
Shakespeare. Harvey writes: 

He that remembreth Humfrey Cole, a Mathematical! 
Mechanician^ Matthew Baker a sliip-wright^ John Sliute 
an Architect^ Robert Norman a Navigator, William Bourne 
a Gunner^ John Hester a Chimist, or any like cunning, and 
subtile Empirique, (Colc^ Baker, Shute, Norman, Bourne, 
Hester, will be remembered, w^hen greater Clarks shal be 
forgotten) is a prowd man, if he contemne expert artisans, 
or any sensible industrious Practitioner, howsoever un- 
lecturcd in Schooles, or unlettered in Bookes . . . and what 
profoimdc Mathematician, like Digges, Hariot, or Dec, 
estcemeth not the pregnant Mechanician? Let every 
man in his degree enjoy his due: and let the brave enginer, 
fine Daedalist, skilful Neptunist, marvelous Vulcanist, and 
every Mercurial occupationer, that is every Master of his 
craft, and every Doctour of his mystery, be respected 
according to the uttermost extent of his publicjue service, 
or private industry. 

Nevertheless, the scholars still had important tasks to perform. 
They had to transmit the knowledge of the past to the new 
craftsmen-scientists till these could all learn to stand on their 
own feet, and they had, through their connections with rank 
and wealth, to assure recognition and support for the new 

300 



THE SCIENTIFIC REVOLUTION 

sciences. Gilbert fulfilled both functions admirably. His 
De Magnete^ though full of strong invective in Latin as any 
Norman or Harvey could use in English against the blindness 
of the old philosophers^ was also so well buttressed with scholar¬ 
ship as to compel assent of the whole learned world, though 
Norman’s book must have been of more use to sailors and 
compass makers. 

De Magnete is a great book in itself, and as an exposition of 
the new scientific attitude. Gilbert did not confine himself 
to experiments: he drew from them new general ideas. The 
one that struck most at the imagination of his time was 
his idea that it was the magnetic virtue of attraction that held 
the planets in their courses. It provided the first physically 
plausible and completely non-mythical explanation of the 
ordering of the heavens. It certainly made it easier for Newton 
in his argument against the physically-minded scientists who 
could conceive force only by the impulsion of material bodies in 
contact. 

The mechanics of the human body 

It was not, however, only in the skies and in the stones that 
the old views were yielding to the new. At the same time an 
equally successful attack was being made on the inner universe 
—the nature of man’s body. The Aristotelian world-picture 
was essentially centred on the earth and man. Man at the 
centre of the universe was supposed to be in direct contact with 
all its parts by means of influences and spirits that connected 
him with the planetary spheres. He was a little world in 
himself—a microcosm. Its detailed workings had been 
elaborated by the Greek doctors ending in Galen, w^hose de¬ 
scription of the organs of the human body had become as 
canonical as Ptolemy’s description of the heavens. The new 
anatomy of the Renaissance, particularly the work of Vesalius, 
show^cd that Galen’s picture must be WTong; but the alternative 
explanation could be found only by a totally new approach to 
the problem, one which combined anatomy wath the new^ 
Renaissance interest in machinery—bellows, pumps, and valves 
—and could derive from them a new experimental physiology. 

Harvey and the circulation of the blood 

This was to be the work of William Hai'vey (1578-1657), 
an Englishman of good family, trained in Padua, and so able 
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to combine the Italian anatomical tradition with the new interest 
in experimental science that was beginning to find its way into 
England. What Harvey sought was the mechanical explanation 
of the movements of the blood in the body. His Exercitatio 
Anatomica de Motu Cordis et Sanguinis in Animalibus published in 
1628 is the record of a new kind of anatomy and physiology. 
No longer is it mere dissection and description, but an active 
investigation, a piece of hydraulic engineering research carried 
out by means of practical experiments. Harvey had a difficult 
case to prove; he had to overcome the disability of being, as 
it were, a Copernicus, forced to deduce his new system without a 
Galileo to confirm it by visible evidence. He could prove 
logically that a circulation must exist, because blood went out 

of one side of the heart and came back into the other-.far 

more blood than could be currently accommodated in the 
body itself. But he could not see how it got from one side to the 
other. The fine capillary (hair-like) vessels through which it 
flowed were to be demonstrated later by Malpighi (1028-94), 
using the otlier new optic glass, the microscope. 

What Harvey established by his close reasoning from experi¬ 
ment had the same revolutionary effect on ancient and Galenic 
physiology as the discoveries of Galileo and Kepler had on 
Platonic and Aristotelian astronomy. He show^ed that the 
body could be looked at as a hydraulic machine and that the 
mysterious spirits which wTre deemed to inhabit it had no 
place to live in (p. 161). His owm views, however, remained 
more Copernican and Keplerian than Galilean, with a strong 
sense of tlie parallelism of the body to the world. He writes, 
for example: 

So the heart is the beginning of life, the Sun of the 
Microcosm, as proportionably the Sun deserves to be 
call’d the heart of the w orld, by wliose vertuc and pulsation, 
the blood is mov’d, perfected, made vegetable, and is 
defended from corruption and mattering; and this 
familiar household-god doth his duty to the whole body, 
by nourishing, cherishing, and vegetating, being the 
foundation of life and author of all.'*-®-^** 

Thus he puts the heart in the body in the same royal, central 
place as the sun in the universe. Harvey’s beautiful demonstra¬ 
tion of the mechanics of circulation gave great weight to the 
idea that an organism was a machine, though it turned out 
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later that it was one far more complicated than the men of the 
sixteenth and seventeenth centuries imagined. 

Harvey’s discovery had^ however, very little immediate effect 
in medicine, apart from justifying methods to prevent people 
from bleeding to death, already practised by field surgeons like 
Parc. It was, however, absolutely necessary as a foundation 
for any rational physiology. The picture of the organism, as it 
grew up from Harvey’s work, is that of a set of organs, what 
might be called “ irrigated fields,” provided with a circulation 
which keeps every part in communion with the rest in a nutri¬ 
tive and chemical way. 

(chemistry 

This understanding was to be delayed, for the chemical 
advances of the century from 1540 to 1640 had not been 
startling. The only man of first-class mind to have occupied 
himself with it was van Helmont (1577-1644), a nobleman 
trained in medicine and a follower of Paracelsus, whose mystical 
views he approved though he had no need for his bombast. 
His chemical ideas hark right back to the lonians, believing 
the only elements to b(‘ air and water. But this was not so 
much a philosophic hypothesis as an experimental conclusion, 
for he grew a willow tree from a seed in a pot to which water 
only had been added. He was also the first to name and study 
gas—or chaos— pointing the way to the triumphs of later 
chemistry. For the rest, chemistry pursued its slow and steady 
course of widening its basis of experience, improving the accur¬ 
acy of its measurements, and increasing the scale of its opera¬ 
tions, particularly in the distillation of spirits. 

y. 6 ~THE NEW PHILOSOPHT 

The two great and hard-won discoveries of the rotation of the 
planets and of the circulation of the blood were both securely 
established by 1642, the year Galileo died and Newton was born. 
The first intellectual object of the scientific revolution had been 
achieved: the classical world-picture had been destroyed, 
though only the bare outlines of a new one had been put in its 
place. In doing so new means for understanding and conquer¬ 
ing Nature had been found, but little had as yet emerged that 
could be claimed to be of general practical use. The telescope 
itself was a technical rather than a scientific invention. Before 
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the effects of the revolution in thought could make themselves felt 
in practice, it was necessary that the possibilities the new science 
offered should be brought home not only to the learned but to 
the new class of enterprising people that were making their own 
political revolution—merchants, navigators, manufacturers, 
statesmen, and the early and progressive capitalists. Galileo 
had started to do this, but he was living in a country that had 
already lost its Man and that was rapidly being frozen into 
reaction by the counter-Reformation. 

The prophets: Bacon and Descartes 
Two men from the less cultured but far more active northern 
countries were to take on the task—Bacon and Descartes. 
These two major figures stood at the turning point between 
medieval and modern science. Both were essentially prophets 
and publicists, men who had seen a vision of the possibility of 
knowledge* and were making it their business to show it to the 
world. Both were universal in scope, though their approaches 
to knowledge were very different. Temperamentally, too, it 
would be difficult to find two more different people than the 
shrewd, self-seeking, and afterwards rather pompous lawyer, 
always at the centre of public affairs, and the intensely intro¬ 
spective, solitary ex-soldier of fortune. Each too is character¬ 
istic of the nature of the scientific revolution in his own country. 

Bacon emphasized the essentially practical side of the new 
movement, its applications to the improvement of the arts, its 
usefulness in bringing about a more common-sense tippreciation 
of the world around them. Living as he did in the courts of 
Elizabethan and Jacobean England, he found that his diffi¬ 
culties arose not so much from the existence of rigid systems of 
thought as from the need to lay solid institutional foundations 
for a new and generally acceptable philosophy. This was put 
forward not only to replace the older views, but also to put in 
order the chaos of speculations that the Reformation in England 
had produced. Descartes, on the other hand, had to fight 
against a medieval system of thought entrenched in the official 
universities of France, and only succeeded by using a logic that 
was clearer and intellectually more compelling than theirs. 

The Novum Organum and the Discours de la Methode 
Both thinkers were preoccupied with methods, though their 
ideas of scientific method were very different. Bacon’s was 
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that of collecting materials, carrying out experiments on a large 
scale, and finding the results from a sheer mass of evidence—an 
essentially inductive method. Descartes, on the other hand, 
believed in the rapier thrust of pure intuition. He held that 
with clarity of thought it should be possible to discover every¬ 
thing rationally knowable, experiment coming in essentially as 
an auxiliary to deductive thought. The major difference, how¬ 
ever, was that while Descartes used his science to construct a 
system of the world, a system which, though now almost for¬ 
gotten, was able in its time completely to supersede that of the 
medieval schoolmen. Bacon put forward no system of his own 
but was content to propose an organization to act as a collective 
builder of new systems. His function as he saw it was only to 
provide the builders with the new tool—the logic of the 
Novum Organum —with which to do it. 

In this sense they were strictly complementary. Bacon’s 
concept of organization led directly to the formation of the 
first cftective scientific society, the Royal Society. Descartes’ 
system, by breaking definitely with the past, put up a set of 
concepts which could be the basis of argument about the 
material world in a strictly quantitative and geometric 
manner. 

The thoughts of both philosophers were, nevertheless, 
inevitably deeply tinged with medieval ideas, though each in a 
different way. Francis Bacon belonged to the tradition of the 
encyclopaedists, of his namesake Roger Bacon and of Vincent 
of Beauvais (p. 226), or, tracing farther back, of Pliny and 
Aristotle himself. He was, first and foremost, a naturalist in 
interest and had no knowledge of or sympatliy with the new 
mathematical philosophy. His method was largely negative, 
based on the avoidance of the “ idols ” or false lures of ideas 
that had led the old philosophers astray. His imaginary House 
of Solomon in his New Atlantis was a kind of universal 
laboratory, an idealization of the actual observatory of Tycho 
Brahe at Uraniborg. It was in turn to be the inspiration of 
later scientific institutes. Though a believer in experiments. 
Bacon was not an experimenter himself, and he never fully 
understood the process of abstraction and reduction needed to 
extract truth from complex situations which Gahleo was already 
using so magnificently. He thought that systematic, common 
experience, purged of the pernicious ideas of the Ancients, would 
suffice for knowledge. His scientific beliefs were not original 
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but drawn from readings particularly of Telesius^ whom he 
criticized but called “ the first of the moderns.” 

Telesius (1509-88)^ an Italian scholar^ was the first to break 
absolutely with Aristotle by setting up a rival system. His 
great contribution was the abandoning of Aristotle’s formal and 
final causes and the retention of only material and cfiicient 
causes (p. 144). In this he w^as follow^ed by all later science. 
His own view^s recall those of Anaximenes. His universe 
w^orked by means of the inner powers of heat and cold. This 
was an anticipation of the doctrine of energy and included some 
idea of conservation^ but w'as not much more advanced quanti¬ 
tatively than the Yang and the Yin of Chinese philosophy 

(p. I2l). 

From the very beginning of his careen' Bacon set out to preach 
the doctrine that “ The true and lawful end of the sciences is 
that human life be enriched by new discoveries and powers.” 

He saw himself not so much as a scientist and inventor, but as 
an inspirer of science and invention: “ I have only taken upon 
me to ring a bell to call other wits together.” In his admirable 
study of Francis Bacon, Professor Farrington quotes: 

Nowc among all the benefits that could be conferred upon 
mankind, I found none so great as the discovery of new 
arts, endowments, and commodities for the bettering of 
man’s life. For I saw that among the rude people in the 
primitive times that authors of inventions and discoveries 
were consecrated and numbered among the gods. And it 
was plain that the good effects wrought by founders of 
cities, law^-givers, fathers of the people, extirpers of tyrants, 
and heroes of that class, extend but over narrow spaces and 
last but for short times; wdicreas the work of the Inventor, 
though a thing of less pomp and show', is felt everywhere 
and lasts for ever. 

But above all, if a man could succeed, not in striking out 
some particular invention, however useful, but in kindling 
a light in Nature—a light which should in its very rising 
touch and illuminate all the border-regions that confine 
upon the circle! of our present knowledge; and so spreading 
further and further should presently disclose and bring into 
sight all that is most hidden and secret in the world—that 
man (I thought) would be the benefactor indeed of the 
human race - the propagator of man’s empire over the 
universe, the champion of the liberty, the conqueror and 
subduer of necessities. 
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Bacon was taken to be, and rightly, the first great man who 
had given a new direction to science and who had linked it 
definitely once more to the progress of material industry. 

With his empirical bent Bacon was inevitably an opponent of 
all predetermined systems in Nature; he believed that, given 
a well-organized and well-equipped body of research workers, 
the weight of facts would ultimately lead to truth. Descartes’ 
method, on the other hand, was a more direct successor of that 
of the schools, with this absolute difference: that it was not 
their system that he wanted to establish but his own. In this he 
exhibited that individual arrogance which was one of the great 
liberating features of the Renaissance, the same arrogance that 
expressed itself in the great navigators, in the conquistadores^ in 
all the defiances of authority that characterized the end of the 
feudal period and the beginning of one of individual enter¬ 
prise.^*^ 

Unconsciously, Descartes’ system incorporated very much of 
the system which he wished to destroy. There was the same 
insistence on deductive logic and self-evident propositions, but 
starting with these he used the mathematics^ of which he w^as a 
master, to arrive at conclusions far beyond the reach of his 
medieval or even of his classical predecessors. His major 
mathematical contiibution was the use of co-ordinate geometry, 
by which a curve could be completely represented by an equa¬ 
tion relating the values of the co-ordinates of its points referred 
to fixed axes. This was more than the mapping of geometry. 
It broke down the old distinction between the Greek science of 
the Qon\.\nvi\\m ~ geojnetry — and the Babylonian-Indian-Arabic 
calculus of numbers— algebra. Henceforth their two powers 
would be joined to attack problems never before attempted. 

In his attack on the old philosophy Descartes was as canny as 
he was courageous. He had no desire to enter into a head-on 
conflict with organized religion, a conflict that had led to the 
condemnation and burning of Bruno in Catholic Rome and 
that of Servetus in Calvinist Geneva. He was prepared to be 
accommodating, and he hit on an ingenious method of doing 
so which was to make science possible for several centuries at a 
cost which we arc only now beginning to feel. 

Primary and secondary qualities 

Descartes formulated, more precisely than anyone before 
him, the division of the universe as we see it, into a part which is 
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physical and one which is moral. Other philosophers, going 
back to the Arabs and the Scotists in the Middle Ages including 
Roger Bacon, as well as Francis Bacon himself, had made reserva¬ 
tion of the knowledge that only came by faith or revelation 
(p. 22i), but this pious reservation was ad hoc and was open to 
the objection that it implied that God was irrational. With 
Descartes this separation became an integral and rational part 
of philosophy. It was a logical consequence of his reduction of 
sensory experience first to mechanics and then to geometry. 
As with Galileo, extension and movement were the only 
physical realities that he recognized as primaiy ’’; other 
aspects of existence, such as colours, tastes, smells, were referred 
to as “ secondary ” qualities. Beyond these stretched a region 
even more unapproachable by physics, the region of the pas¬ 
sions, of will, love, and faith. Science, according to Descartes, 
concerned itself mainly with the first set—the mcasurablcs, 
the bases of physics; and to a lesser extent with the second; 
but not at all with the third, as they lay in the realm of revela¬ 
tion.To Descartes, animals, including men, were in them¬ 
selves merely machines. Obviously there must be some con¬ 
nection between the purely mechanical man, operating his 
limbs according to physical principles, and the rational spirit 
and will dwelling within him. Descartes made the naive, but 
apparently quite serious, suggestion that that connection could 
be through the small gland at the top of the skull—the pineal 
body—the relic of a pair of eyes in our reptilian ancestors, but 
having now no apparent function and therefore ejuite reasonably, 
if not the seat, at least the point of entry of the rational soul. 

The separation of religion and science 
The effect of Descartes’ division ever since was to enable 
scientists to carry on their work free from religious interferences 
so long as they did not trespass into the religious sphere. This 
was, of course, very difficult to avoid or refrain from, but 
nevertheless it had the effect of producing the type of pure 
scientist who kept out of fields where he was likely to be 
involved in controversies of a religious or political kind. To a 
certain extent Descartes himself must have done this, because 
the story goes that when he had ready his System of the World he 
heard the news of the trial of Galileo and realized that it simply 
would not do as it was. The Church was clearly determined 
that the Aristotelian-Thomist system was necessary to secure 
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the truths of the Faith and was not going to tolerate any other 
system that might put them in question. Descartes conse¬ 
quently set himself to the task of showing that his systems could 
prove the existence of God quite as well as^ if not better than^ 
the older philosophies. From his famous first deduction Je 
pense done je suis —“ I thinks therefore I am ’’—he drew the con¬ 
clusion that as all men can conceive something more perfect 
than themselves, a perfect being must exist. Descartes’ system 
was so carefully guarded against theological attack that, in 
spite of protests from the universities, it was accepted in that 
most Catholic country, France, within his own lifetime and 
for a century after his death. 

Descartes’ system was, however, in spite of its wealth of 
mathematical and observational content, essentially a magnifi¬ 
cent poem or myth of what the new science might be. That 
was at the same time its attraction and its danger. It was a 
mixture of conclusions soundly based on experiment with those 
deduced from first principles chosen, according to Descartes’ 
celebrated Method^ only on account of their clarity. The pursuit 
of that clarity has been the ornament and the limitation of 
French science ever since. Where in the state of knowledge 
it was admissible, as in eighteenth-century dynamics and 
chemistry and in nineteenth-century bacteriology, it could be 
used to put in order whole fields of genuine but chaotic know¬ 
ledge. Elsewhere it tended to degenerate into arid common¬ 
places and false simplifications. 

To a certain extent Descartes himself recognized the limita¬ 
tion of a one-man enterprise in philosophy, and realized that 
the proper establishment of the system of the world would 
require the co-operation of many minds. In the Discours de la 
Methode, he says, speaking of experiments: 

I see also that there are so many of them that neither my 
hands nor my wealth, even if I had a thousandfold what I 
have, would serve me for this end. . . . What I had to show 
by my treatise was the utility that the public can gain from 
it and that I should oblige all those who desire the good of 
mankind, that is to say all those who are really virtuous 
and not only pretend to be, to communicate to me their 
own results and to help me in the researches that still have 
to be made. 

In another place he says, to justify the publication of his own 
conclusions: 
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They showed me that it is possible to arrive at knowledge 
very useful to life: and that instead of this speculative 
philosophy that is taught in the schools one can find a 
practical philosophy by which knowing the force and action of 
fire^ water^ air^ the starSy the heavens, and all other bodies that 
surround us as distinctly as we know the different trades of our 
craftsmen, we could employ them in the same way to all uses for 
ivhich they are appropriate and thus become the masters and 
possessors of Nature, This is not only desirable for the 
invention of an infinity of artifices which would enable us 
to enjoy without trouble all the fruits of the earth—but 
principally in the preservation of Health. 

Thus in his ultimate objective Descartes did not differ much 
from Bacon^ for whom he had^ in any case, the greatest admira¬ 
tion. Bacon and Descartes b(Twecri them raised the status of 
experimental science to an esteem in polite circles comparable 
to that of literature. From their time on the new natural philo¬ 
sophy, and not that of the schools, was the centre of interest and 
discussion. Indeed, after another 200 years or so it had just 
about fought its way into the universities of England. 

The time was now ripe for a great expansion of this natural 
science and its first fruits. In the next period from 1650 to 
1690 the Great Instauration ”—or as we would say Recon¬ 
struction—of which Bacon dreamed was at last to take place. 

I entrust men to believe that it is not an opinion to be 
held but a work to be done: -and to be well assured that I 
am not labouring to lay the foundation of any sect or 
doctrine, but of human utility and power. 


7.7—r//is THIRD PHASE: SCIENCE COMES OF AGE 

1650-^0 

The third and definitive phase in the establishment of modern 
science was reached in the latter half of the seventeenth century. 
Intellectually, as we have seen, the ground had been prepared 
for it by the overthrow of the feudal-classical theories in the 
previous hundred years. Though this made further advance 
and consolidation of science possible, il was not the only, nor the 
main, cause of the outburst of activity which, in less than fifty 
years, virtually created modern science in most of its fields. 
This intense growth was more concentrated than at any time 
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before or since. The principal foci were London and Paris, 
for the active scientists of Italy and Holland found no such 
centres of expression in their own countries, while those of 
central and eastern Europe had not yet come into action. 

The condition which made this rapid growth possible and 
favoured its concentration was first and foremost the establish¬ 
ment in Britain and France of stable governments in which the 
upper bourgeoisie had a dominating, or at least an important, 
part. In Britain the Civil War had brought about a real 
revolution, in which the richer merchants with the help of 
the townsmen and small landowners had won power from the 
king and the landed nobility. But these groups, after their 
triumph, soon quarrelled. The small men had a distressing 
tendency to democracy and economic equality,^*^^® and as soon 
as Cromwell was out of the way the merchant interest arranged 
a compromise with the landlords in wdiich King Charles II 
came in as the first constitutional monarch. The merchants 
still dominated the economy, but a new class of manufacturers 
were making their first appearance, drawn partly from the 
ranks of the merchants, partly from that of the skilled craftsmen. 
The great increase of manufacture and trade that followed the 
end of the Civil War, together with the new possibilities of 
navigation, kept mechanical invention at a premium. The 
time and place were in every way most propitious for the 
growth of science. 

Holland, though immensely rich, was by the middle of the 
century past lier prime. Sixty years had passed since the 
revolution which had ended the rule of Spain. The popular 
support that had secured the independence of the country 
had been largely dissipated, and the government was in the 
hands of a combination of wealthy merchants and landlords. 
Soon, exhausted by commercial w'ars and without adequate 
manufactures, Holland was to prove too w^eak to maintain 
her leading place. Already by the end of the century some of 
the most able Dutchmen took service abroad, particularly in 
the development of Britain under William of Orange, while 
Holland’s greatest scientist, Christian Huygens, did most of his 
work in Paris as a member of the French Academy. 

In France, on the other hand, the Revolution was still in the 
future. The strength of feudalism and of the Church liad been 
shown in the crushing of the Huguenots; but this w^as a slow 
process and was only fully effected by the revocation of the 
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Edict of Nantes in 1685. Nor could this vigorous and expand¬ 
ing country, then by far the largest and richest in Europe, 
stand aside from the general economic development. A com¬ 
promise was patched up by which the nobles bartered part of 
their power for tax exemption, pensions, and pageants at 
Versailles. The executive power was centred on the king, but 
his State machine was bourgeois throughout. It was largely 
run by intelligent lawyers, the Noblesse de Robe, from which 
many scientists were to come. Actually, the compromise only 
worked tolerably well in the early part of Louis XI V’s personal 
reign (1661-83) under the direction of the business-like Colbert, 
and this coincided exactly with the great period of science. 

The other countries of Europe played minor parts on the 
scientific stage: Germany and Austria had only begun to 
recover from the Thirty Years War (1618-48); the Inquisition 
neutralized Spain and Portugal almost completely; while in 
Italy the heirs of Galileo fought a gallant rearguard action 
against the forces of clericalism.^*^*^’ Sweden, Poland, and 
Russia were still largely raw-material countries in the throes of 
a newly imposed serfdom and, though militarily strong, were 
only beginning to contribute to science at this stage. 

Le Grand Siecle 

After the great religious and political disturbances of the 
previous hundred years the latter half of the seventeenth 
century was a period of relative calm and active prosperity. 
Plagues and wars were constant but had surprisingly little 
effect on the work of the scientists. Nor did national rivalry 
seriously interfere as yet with their freedom of movement or 
communication. It was an age of conscious building of 
civilization—Le Grand Siecle—and the scientists were recog¬ 
nized and honoured as part of one common world of letters. 
The governments and the ruling classes of all the leading 
countries had certain common interests in trade and navigation, 
and also in improvements in manufactures and agriculture. 
These interests were to furnish the motive power for the cul¬ 
minating achievements of this third phase of the Scientific 
Revolution, the first in which an organized and conscious effort 
was made to use science for practical ends. 

This was the fruit which, thirty years before. Bacon had urged 
men to cultivate; and Bacon’s methods, both those of experi¬ 
ment and of organization of research, were used to gather it, 
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The men who were to do so were characteristic of their age 
and nations. In the place of the courtiers and university 
professors of the first two phases, depending for their livings on 
the favour of princes, the virtuosi of the mid-seventeenth century 
were men of independent means, mostly merchants, middling 
landowners, and successful followers of the liberal professions— 
doctors, lawyers, and not a few parsons. They might seek royal 
patronage but they could count on little royal money for science; 
King Charles II never paid a penny to his Royal Society and 
never even managed to find time to visit it. The virtuosi had to 
finance science out of their own pockets. But these pockets 
were ample and were being rapidly filled by the great increase 
in trade, whose benefits now flowed into the very countries 
where science flourished. Some were even able to take on 
other scientists about the work. The Hon Robert Boyle 
employed Hooke, a poor curate’s son, just as Christian 
Huygens, lord of Zulichem in Holland, employed Denis Papin 
of Blois. 

These men were competent and interested enough to carry 
out scientific research on their own; but as they became more 
numerous they tended to gravitate naturally together for dis¬ 
cussion and interchange of knowledge, made all the easier by 
the commercial and levelling tendencies of the time. They 
went further: inspired by the propaganda of Bacon they began 
to think of a positive organization deliberately aimed at 
winning the secrets of Nature by a co-operative effort. 

The foundation of scientific societies 

This third phase accordingly was the period of the formation 
of the first well-established scientific societies, the Royal Society 
of London and the French Royal Academy, which set them¬ 
selves the task of concentrating on the central technical problems 
of the time, those of pumping and hydraulics, of gunnery and of 
navigation, while almost ostentatiously avoiding general philo¬ 
sophical discussions. It was particularly the navigational 
problems that furnished the stimulus to the advancement of 
science, because it was through the attack on these problems 
that the two elements of earlier science—mechanics and 
astronomy—were brought together in the great synthesis of 
Newton. In the latter part of this chapter I will try to trace 
some of the threads of experiment and argument that led to this 
synthesis. More important practical results were, however, to 
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come from the study of the pump^ which was to lead first to the 
discovery of the vacuum^ then to that of the laws of gases—from 
which arose the steam-engine^ as well as the pneumatic revolu¬ 
tion of chemistry in the next century. 

The establishment of science as a fully recognized factor in 
culture was definitive from the moment that scientific societies 
were formed. The idea of a scientific society was^ as we have 
seen^ a very old one. It found expression in the original 
Academy (p. 139), in the Lyceum (p. 141):, and in the Museum 
of Alexandria (p. 152). Both Muslim and Christian universities 
were something of the same kind in their early stages^ but by 
the seventeenth century it was evident that these could not fill 
the new needs. Something different was wanted and in due 
course appeared^ partly in response to the inspiration of pro¬ 
phets of the new age like Francis Bacon^ but even more as a 
formal recognition of spontaneous gatherings of men interested 
in science. 

Among the prophets, John Amos Gomenius (1592-1670), the 
last bishop of the Moravian Church, weis an outstanding 
figure.^*Approaching science as a part of universal educa¬ 
tion, to which he had devoted most of his life, he planned a 
“ Pansophic College ” where the new experimental philosophy 
would be practised and taught. Driven out of Bohemia by 
the Thirty Years War he lived a wandering life, and was sought 
after by forward-looking governments because of his successful 
educational methods. It was beginning to be recognized by 
the statesmen of the new national States that an educated laity 
was needed to run the administration. In 1641 Gomenius 
came, at the invitation of Parliament, to England, where he 
hoped to found his college. Though, owing to the difficulties 
of the time, he failed in this, his influence played some part in 
bringing the Royal Society into existence.^* 

Actually the earliest of the scientific societies were the 
Accademia de Lincei at Rome (1600-30) and that of the 
Gimento at Florence (1651-67).^-® These, though they acted 
as models for societies elsewhere, arrived too late on the Italian 
scene to halt the factors inimical to science which soon led to 
their extinction. The Royal Society of London (1662) and the 
Academic Royale des Sciences in France (1666) were more 
fortunate. All arose originally from early informal gatherings 
of friends interested in the new sciences. 

French scientists, among them Gassendi, who reintroduced 
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the atomic theory^ had been meeting at the house of a wealthy 
lawyer^ Pieresc^ at Aix-en-Provence as early as 1620.'**^^ The 
real centre of French science was, however, until his death in 
1648 the cell of the minorite friar, Mersenne, himself no mean 
scientist. He was an indefatigable correspondent, acting as a 
kind of general post office for all scientists in Europe from 
Galileo to Hobbes.^-®® Later, meetings were held in the house 
of another lawyer, Montmor, out of which the Royal Academy 
was ultimately to be formed. 

Another promoter of a rather different type was Renaudot 
[d, 1679), a lively and combative doctor who, much to the 
horror of the faculty in Paris, set up a clinic giving free treat¬ 
ment to the poor. He combined this establishment with a 
lecture room for scientific meetings, a publishing house, and an 
employment agency, which largely paid for the whole outfit. 
With the death of his protector Cardinal Mazarin in 1661, his 
enemies succeeded in shutting it down and putting an end to 
popular science in France for more than a hundred years.^*^^ 

In England the signal for the gathering of the new experi¬ 
mental scientists was the end of the Civil War in 1645. Most 
of them were Parliamentarian in sympathy, some Puritans, but 
had little to do with the actual fighting. The leading spirit of 
the group was John Wilkins, a clergyman of some adaptability 
in politics, marrying Cromwcirs sister and ending as Bishop of 
Chester, but an unswerving supporter of the new philosophy. 
With him were associated the mathematician Dr Wallis, Dr 
Theodore Haak, a German refugee who was first to suggest the 
weekly meetings, and a number of doctors. After some pre¬ 
liminary meetings in London they settled down in Oxford in 
1646. That ancient university had just been reformed by a 
Parliamentary Commission, and the empty chairs and headships 
of houses were filled with the new members of the Invisible 
College.” Until the Restoration in 1660 Oxford was to be, 
anomalously and somewhat unwillingly, the centre of the attack 
on Aristotle, who had been so revered there before and since. 
In Oxford the band was strengthened by the adherence of three 
young men of promise, the Hon Robert Boyle, Sir William 
Petty, and Dr Christopher Wren, and also, though in a humbler 
capacity, Robert Hooke, the man who was to do most to make 
the Royal Society a success. As Thomas Sprat, one of the 
group, the future bishop of Rochester and historian of the 
society,^*^^ wrote of those times: 
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Their first purpose was no more^ then onely the satis¬ 
faction of breathing a freer air, and of conversing in cjuiet 
one with another, without being ingag’d in the passions, 
and madness of that dismal Age. And from the Institution 
of that Assembly/y it had been enough, if no other advantage 
had come, but this: That by this means there was a race 
of young Men provided, against the next Age, whose minds 
receiving from them, their first Impressions of sober and 
generous knowledge, were invincibly arm’d against all the 
inchantments of . . . 

For such a candid, and unpassionalc company, as that 
was, and for such a gloomy season, what could have been 
a fitter Subject to pitch upon, then Natural Philosophy? 

... that never separates us into mortal Factions; that 
gives us room to differ, without animosity; and permits 
us, to raise contrary imaginations upon it, without any 
danger of a Civil War, 

Their meetings were as frequent, as their affairs permitted: 
their proceedings rather by action, then discourse; chiefly 
attending some particular Trials, in Chymistry, or Meehan- 
icks : they had no Rules nor Method fix’d: their intention 
was more, to communicate to each other, their discoveries, 
which they could make in so narrow a compass, than an 
united, constant, or regular inquisition. 

At first these amateur scientists merely met, discussed, 
showed each other experiments, and wrote letters to their 
absent friends or to their colleagues in other countries. The 
business of scientific communication and publication originated 
in these at first purely informal and then more regular letter- 
writings. Later, the need for a definite establishment was felt 
by the scientists both in England and France because, as they 
continued their work, they realized that it was likely to have 
considerable practical importance, and to carry it out they 
would have to have more money or more recognition. 

The procedures differed according to the character of the 
economies of the two countries. In France, with its rigidly 
centralized government, it was natural that the establishment 
should be not only royally instituted but also royally paid. 
Colbert was setting up national industries in France, and it 
was accordingly not difficult to persuade him to found the 
Academy of Science to balance Mazarin’s Academies of 
Literature and Fine Art. But then, ornament and show, just 
as much as commerce, were necessary to the glory of the king- 
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dom of le Roi SoleiL The industries favoured by Colbert were 
those of silk-weaving at Lyons, pottery at Sevres, and the 
Gobelin tapestries in Paris, all considered of importance com¬ 
parable to the shipbuilding for the French Navy.^*’ 

In Restoration England, on the other hand, with its relics of 
republican independence and where the real wealth of the 
country was in the hands of the landed aristocracy and the 
merchants, royal patronage was all that was required. The 
Fellows of the new Royal Society paid for their own scientific 
investigations. The charge was one shilling per member per 
week. It was extremely difficult to collect and was hardly 
sufficient to pay the secretary and the curator, who “ shall be 
well skilled in Philosophical, and Mathematical Learning, well 
vers’d in Observations, Inquiries, and Experiments of Nature 
and art,” and was obliged to “ furnish the Society every day 
they meete, with three or four considerable experiments, 
expecting no recompense till the Society gett a stock enabling 
them to give it.” 

The necessary consequence of official recognition of the 
societies was general conformity of ideas and avoidance of 
controversial issues in politics and religion. In France the 
Church grudgingly withdrew its insistence on Aristotelianism 
and accepted the compromise proposed by Descartes (p. 307). 
In Britain the same division of fields of interests came about in 
a different way. It arose from the troubles of the Great 
Rebellion in the middle of the seventeenth century and the 
desire of the early scientists to avoid the endless theological- 
political disputes that occupied most intellectuals in those 
times. In the draft preamble to the Statutes of the Royal 
Society written by Hooke in 1663, laid dowm that: 

The business of the Royal Society is: To improve the 
knowledge of naturall things, and all useful Arts, Manu¬ 
factures, Mcchanick practices, Engynes and Inventions by 
Experiment—(not meddling with Divinity, Metaphysics, 
Morals, Politics, Grammar, Rhetorick, or Logicks).^*^^ 

Promise and performance: early failures and later successes 

It is interesting to note that both in France and in England 
the full activity of the societies, as such, was limited to a 
relatively short period; by 1690 both were in a serious state of 
decay and their revival in the eighteenth century was practic¬ 
ally a new foundation. Their coming into existence and the 
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general support and the interest they aroused in society at large 
were an indication that science was at that time felt to be 
exciting, interesting, and might be profitable. It was this last 
point that was to give rise to serious difficulties. Francis Bacon, 
like Roger Bacon four centuries earlier, had clearly grasped 
the idea that the understanding of Nature was the only means 
of controlling it to the profit of man. But there is a great deal 
of difference between an idea and an achievement. In fact, 
it was in one realm alone, though a very important one—that 
of astronomy and navigation—that the new science, which was 
practically confined to mathematics and physics, was able to be 
of real use. Sir Antony Deane did manage in 1666 to find the 
draught of a ship before it was launched, but this did not not¬ 
ably effect shipbuilding practice. The early Royal Society 
promised far more than it could perform, and there was some 
justification, in the short run, for the ridicule with which it was 
met by the non-scientific intelligentsia, of which the most 
famous example is the satire by Swift in Gulliver's Travels. 

In the long run, however, the effect was to be very different. 
By stimulating the naturalist’s insight into trades ” (p. 323) it 
was enabled to lay the foundations of that rational evaluation 
and reconstruction of the traditional arts and manufactures 
that was to become the Industrial Revolution of the next 
century. Indeed its work was to lead directly to the central 
feature of that revolution—the steam-engine which has every 
right to be called a philosophical engine. It is the fruit not of the 
work of one or other isolated inventor, but of groups of scientists 
in the Accademia del Cimento, the Royal Society, and the 
French Academy (pp. 414!.). 

Science becomes an institution 

The foundation of the early scientific societies had another 
and more permanent effect: it made science into an institution, 
an institution with the insignia, the solemnity, and with, un¬ 
fortunately, a certain amount of the pomp and pedantry of the 
older institutions of law and medicine. These societies became 
in effect a jury for science, a jury sufficiently authoritative to 
exclude many of the charlatans and madmen whom the general 
public found it so difficult to distinguish from genuine scien¬ 
tists ; but also, unfortunately, able to exclude, for a time at least, 
many revolutionary ideas from official science itself (p. 422), 
The range of interest of the associated scientists of the latter 
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Fig. 1 1.- DRAWINGS OF 
INS’I’RUMEN rs AND 
MACHINES 

From early numbers of The 
Philosophical Transactions of 
the Royal Society of London. 

{a) A new Invention of 
Monsieur Christian Hu- 
gens de Zulichem, of 
very exact and portative 
Watches (1675). (P. 336) 
(/>) A new Catadioptrical 
'Fclescope invented by 
Mr Newton, Fellow of 
the Royal Society, and 
Professor of the Mathe- 
matiques in the Univer¬ 
sity of Cambridge (1672). 
(P. ;)27) 

(r) A new Engin to make 
Linen-Cloth without the 
help of an Artificer, pre¬ 
sented to the Royal Aca¬ 
demy, by Monsieur de 
Gennes, an Officer be¬ 
longing to the Sea. Ex¬ 
tracted out of the Journal 
de Scavans (1678) (p. 367). 
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seventeenth century, as their Philosophical Transactions show, 
covered almost every aspect of Nature and of practical life from 
the distances of the stars to the animalcules in pepper water, 
from the art of dyeing to the bills of mortality.^*®® 

The first manifesto of the newly organized science was the 
History of the Royal Society written in 1667, when it was only five 
years old, by Bishop Sprat. Inevitably it is more than a history, 
rather a programme and a defence of experimental philosophy. 
After denouncing varieties of dogmatic philosophers he 
approves: 

The Third sort of new Philosophers, have been those, who 
have not onely disagreed from the Antients, but have also 
propos’d to themselves the right course of slow, and sure 
Experimenting: and have prosecuted it as fiir, as the short¬ 
ness of their own Lives, or the multiplicity of their other 
affairs, or the narrowness of th(‘ir Fortunes, have given 
them leave. 

He defends the inclusion in the Society of men of all ranks and 
occupations, and from all countries, and then touches on the 
essential raison d'etre, which is: 

the temper of the age wherein we live. For now the Genius 
of Experimenting is so much dispers’d that even in this 
Nation, if there were one, or two more such Assemblies 
settled; there could not be wanting able men enough, 
to carry them on. All places and corners are now busie, 
and warm about this Work: and we find many Noble 
Rarities to be every day given in, not onely by the hands of 
Learned and profess’d Philosophers; but from the Shops of 
Mechaniks; from the Voyages of Merchants', from the 
Ploughs of Husbandmen', from the Sports, the Fishponds, 
the Parks, the Gardenis of Gentlemen ; the doubt therefore 
will onely touch future Ages. And even for them too, wc 
may securely promise; that they will not, for a long time, 
be barren of a Race of inquisitive minds, when the w^ay is 
now so plainly trac’d out before them; when they should 
have tasted of these first Fruits, and have been excited by 
this Example. 

He concludes his discussion of the experiments and instru¬ 
ments of the Society by commenting on ‘‘ the manner of their 
Discourse ” and the need to remove “ the luxury and redun¬ 
dance of speech.” For this reason they rigorously: 
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, • . reject all the amplifications^ digressions^ and swellings 
of style: to return back to the primitive purity, and short¬ 
ness, when men deliver’d so many thingsy almost in an equal 
number of words. They have exacted from all their 
members, a close, naked natural way of speaking; positive 
expressions, clear senses; a native easiness: bringing all 
things as near the Mathematical plainness, as they can: 
and preferring the language of Artizans, Countrymen, 
and Merchants, before that, of Wits, or Scholars. 

The fact remains that the style of the English language was 
drastically simplified in the latter seventeenth century.'*-®^’ 

It is a curious commentary on this that loo years later Samuel 
Johnson wrote of Sprat: 

This is one of the few books which selection of sentiment 
and elegance of diction have been able to prcser\T, though 
written upon a subject flux and transitory. The History 
of the Royal Society is now read, not with the wish to 
know what they were then doing, but how their transac¬ 
tions arc exhibited by Sprat.^*®® 

(Centres of interest in technique 

It appeared at first that anything and everything could be 
improved by philosophical inquiry. Nevertheless, certain 
fields of interest drew the special attention of the virtuosi. 
They were those where the themes of the new^ philosophy met 
the most clearly felt needs of expanding trade and manufacture. 
Foremost among these was the refinement of astronomy as an 
essential need of ocean navigation, particularly in solving the 
problem of the longitude. This was indissolubly linked with 
the problem of the true constitution and working of the solar 
system, by now accepted but not physically explained. Further, 
it was astronomy that provided the best field for the new 
mathematical explanation of the universe. The solution finally 
arrived at by Newton was taken to be, and rightly so, the major 
triumph of the new science. 

But this contemporary interest should not be allowed to over¬ 
shadow other developments which were in the long run to 
prove at least as important. One of these was optics and the 
theory of light, closely linked by the telescope to astronomy, and 
by the microscope to biology. Another was pneumatics, where 
the techniques developed in connection with the vacuum were 
ultimately to have such enormous industrial importance. The 
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question of the vacuum was also the centre of a philosophic con¬ 
troversy going back to the Greeks. The new experimental 
proofs of its existence helped to revive the atomic hypothesis of 
Democritus. The revived atomic or corpuscular theory pro¬ 
vided a first clue to rational and quantitative explanations in 
the field of chemistry^ which had hitherto been one of technical 
recipes and mythical explanations. Chemistry^ in turn, was 
linked with the beginnings of physiology, Qijestions on the 
nature of the blood, the function of the lungs, the action of 
nerves and muscles, and the processes of digestion, were all dis¬ 
cussed and experimented on in the spirit of the new materialist 
philosophy. This range of subjects was not beyond the reach 
of individual men of the time, and indeed it is best illustrated in 
their lives and works. Outstanding among them were Robert 
Boyle and his one-time assistant Robert Hooke. 

Robert Boyle 

The Hon Robert Boyle was born at Lismore in 1627, 
seventh son and thirteenth child of Richard Boyle, first Earl of 
Cork, a ferocious and successful land-grabber of Elizabethan 
times.Young Robert spent his most impressionable years 
in the Puritan atmosphere of Geneva, where he underwent a 
religious conversion, like his contemporaries Pascal and Steno. 
Unlike Pascal, however, this did not turn him against science 
but made him strive to use it in the support of revelation. 
Partly for this reason and partly because he was a lifelong 
invalid, he led an ascetic life, took no sides in the Civil War, and 
devoted himself and his considerable w ealth to the pursuit of 
the new experimental philosophy. He worked wath the 
“ Invisible College ” in Oxford and was one of the first pro¬ 
moters of the Royal Society, of which he was offered the 
presidency in 1680 but declined on account of a scruple about 
the oath. Boyle was, indeed, the central figure of the early 
days of the Royal Society, as Newton was of its prime. He 
wrote profusely on religious and scientific subjects. His most 
famous works, apart from that on the Spring of Air, were the 
Seraphick Lover, The Skeptical Chymist, and the Unsuccessfulness 
of PSxperiments, His early interest in the atomic theory led him 
to his epoch-making work on the vacuum and gas laws. After 
that he was not so successful, partly because he lacked adequate 
mathematical and experimental skill, but mostly because he 
attempted to explain problems in chemistry by mechanical 
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theories which could not be applied to them and before enough 
facts had been accumulated to solve them by any other means. 
His interests ranged further still into physiology and medicine, 
where there was still less hope of solid achievement. Never¬ 
theless he infected others with his interests and enthusiasms and 
much of the success of science in the next century was due to 
his inspiration. In Boyle we can see the pietistic and phil¬ 
anthropic aspects of the new science. He combined the desire 
to show the glory of God revealed in His works with that of 
helping his fellow men, and he actually joined the boards of the 
Bermuda and East India Companies to further his schemes for 
converting the heathen. Nevertheless in the achievements 
of these ends he was, unlike the medieval pietists, intensely 
practical. In his pamphlet That the Goods of Alarikind May be 
Increased by the Naturalist\s Insight into Trades he wrote: 

... I shall conclude this, by observing to you, that as you 
are, I hope, satisfied, that experimental philosophy may 
not only itself be advanced by an inspection into trades, 
but may advance them too; so the happy inQuence it may 
have on them is none of the least ways, by which the 
naturalist may make it useful to promote the empire of 
man. For that the due management of divers trades is 
manifestly of concern to the publick, may appear by those 
many of our English statute laws yet in force, for the 
regulating of the trades of tanners, brick burners, and 
divers other mechanical professions, in which the law¬ 
givers have not scorned to descend to set down very par¬ 
ticular rules and instructions. 

Robert Hooke 

In many ways Boyle contrasts with his first assistant and 
lifelong friend, Robert Hooke. If one was a nobleman con¬ 
descending to science, the other was a poor man who had to 
make his living out of science while he pursued it. The son 
of a clergyman in the Isle of Wight, Hooke managed to secure 
a servitorship at Oriel College at the time when Boyle had come 
to Oxford. He early attached himself to him and, in fact, 
probably made all his apparatus and carried out most of his 
experiments on the vacuum and gases. Boyle certainly did not 
shine as an experimenter after Hooke left him. Hooke was 
made curator of experiments of the Royal Society when it was 
founded, and as well as carrying out his heavy duties managed 
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to supplement his meagre and irregular salary by being largely 
responsible for the plans of the new City of London after the 
Great Fire of 1666. 

If he had been in a more secure social position and had not 
suffered from his ugliness and chronic ill healthy he would not 
have been the difficulL suspicious, and cantankerous person he 
was, and his quite decisive role in the history of science would 
have been fully recognized. If Boyle was the spirit behind the 
Royal Society, Hooke provided it with eyes and hands. He 
was the greatest experimental physicist before Faraday, and, 
like him, lacked the mathematical ability of Newton and Max¬ 
well. His interests ranged over the whole of mechanics, physics, 
chemistry, and biology. He studied and discovered what 
came to be known as Hooke’s law, the shortest in physics: ut 
tensio sic vis (extension is proportional to force); he invented 
the balance wheel, the use of which made possible accurate 
watches and chronometers; he wrote Micrographias the first 
systematic account of the microscopic world, including the 
discovery of cells; he introduced the telescope into astronomic 
measurement and invented the micrometer; and he shares with 
Papin the credit of preparing the way to the steam-engine. 

Probably his greatest contribution to science is only now 
beginning to be recognized: his claim to have originated the 
idea of the inverse square law and universal gravity. Here, as 
we shall see, he was outclassed by the superb mathematical 
achievement of Newton, but it now seems that the basic 
physical ideas were Hooke’s and that he was quite unjustly 
robbed of the credit for them (p. 336). Hooke’s life illustrates 
both the opportunities and the difficulties that the gifted experi¬ 
menter could find in the seventeenth century. It also brings 
out the enormous store of inventiveness and scientific insight 
that had lain concealed for thousands of years in the brains and 
hands of natural craftsmen. 

MAKING THE NEW WORLD-PICTURE 

The accent of the period was one of extensive inquiry covering 
the whole field of Nature and the arts, and constructive theory 
in those parts where mathematical methods could be applied. 
It was no longer necessary, as it had been in the previous 
period, to concentrate on upsetting the physics of Aristotle or 
the physiology of Galen. The theories of Copernicus, Galileo, 
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and Harvey were almost unanimously accepted by the new 
virtuosi. Where they differed from their predecessors was in 
attempting to’give them a deeper physical and philosophic 
meaning. First in the field was the system of Descartes with its 
emphasis on mere extension and the complete and continuous 
filling of the universe with subtle matter acting by impulsion 
from one part to another. It was tlie doctrine of the plenum. 

The corpuscular philosophy: Gassendi 

But there was another view, and a far older one, Ijeginning 
to make itself felt. The attack on Aristotle left the way clear 
for Democritus and his atomic theory (p. 127). This was 
brought to the notice of the scientific world by a learned and 
penetrating mathematician and philosopher, Gassendi (1592- 
1655), a Provencal priest. If he had not been of a modest and 
retiring nature he would not have been so easily overshadowed 
by his contemporary, Desciirtes; for his influence on science was 
great. He was an astronomer of note—he was the first to 
observe the transit of Mercury—and one of the founders of 
meteorology, being the first to study parhelia (mock suns) and 
the aurora borealis. He did far more tlian resurrect the old 
atomic theories as set out by Epicurus and Lucretius; he turned 
them into a doctrine which included the Renaissance advance 
in physics. Gassendi’s aiorns were massive particles with inertia 
and they moved in the vacuum v/hich Galileo’s successors had 
proved to exist. His definition of atoms is that given, almost 
word for word, by Newton in his Opticks fifty years later. He 
put this view forward so persuasively that it was accepted, 
almost without their noticing it, by all those natural philo¬ 
sophers w^ho had not sworn adherence to Descartes’ plenum, 
with its vortices. 

The corpuscular hypothesis was obviously well suited to the 
mathematical-mechanical bent of the time. Following the 
dynamics of Galileo and Descartes it was far easier to work out 
the motions of such small point-like particles than of a piece 
of homogeneous space. Thanks to Gassendi’s piety the atoms 
were also purged of their atheistic and subversive associations 
(p. 128). He made explicit the implications of the new 
mechanics by demanding of God not the continuous operation 
of the material world, but only an impulse given to all the 
atoms at the beginning of time which should determine by 
divine providence all their future movements and combinations, 
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Philosophical instruments: optic glasses 

The emphasis on experiment in the new science implies the 
use of apparatus and particularly of instruments made especially 
for the purpose. Nevertheless the material equipment of the 
new scientists was still of the simplest. Only telescopes had 
to be large and expensive. Almost any house could be filled 
with an elaboratory (or glorified workroom) which might hold a 
furnace with a few retorts and still heads^ a balance, a micro¬ 
scope, and some dissecting instruments, one of the new air- 
pumps, a thermometer, and a barometer. Anything else was 
improvised. With such equipment the greatest discoveries in 
all branches of science could be made. It will be convenient 
to treat those in optics, pneumatics, chemistry, and physiology 
before passing on to the central theme of the mechanics of the 
heavens. 

It was the practical and accidental discovery of the telescope 
at the beginning of the century that gave rise to a new interest 
in optics; for once an instrument exists the need to improve it 
leads to searching for explanations of how it works. In 
attempting to do so scientific principles leading to other instru¬ 
ments are discovered. Seventeenth-century optics grew largely 
out of the attempt to understand the nature of refraction, on 
which the telescope is based, and to remove the defects which 
i t was soon observed to have. 

On the first problem of the nature of refraction they had to 
start where Alhazen (p. 202) and his medieval followers, 
Dietrich of Freiburg and Witelo (p. 223), had left off 400 years 
before. They had established that rays were bent or broken— 
refracted—on meeting a denser medium. But they could not 
find the law of refraction and therefore could not calculate the 
action of a lens. The Dutchman, Snell (1591-1626), found the 
correct law, which Descartes appropriated and explained in 
terms of moving particles of light which needs must travel 
faster in the refracting body than the air, an unlikely conclusion 
which was to lead to much confusion later. With Snell’s law, 
optics seemed to become part of geometry and it should have 
been possible to construct perfect telescopes. Actual telescopes, 
however, remained irritatingly imperfect. In particular, 
images of stars were seen surrounded by coloured haloes. That 
light passing through transparent bodies emerged with the 
colours of the rainbow had long been known. With the object 
of elucidating the rainbow the medieval scientists even carried 
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out extensive experiments on prisms^ but had got no further 
than noting the fact that red light was least and blue was most 
refracted.^-Descartes in his study of the rainbow was not 
able to improve on them. The solution of the problem of 
colour was only to be found by Newton^ and was his first 
recognized achievement in physics. (His career will be 
treated later^ pp. 337 f.^ in conjunction with his work on gravi¬ 
tation.) 

Neivtoji^s “ Opiicks ” ; the doctrine of colours 

New'ton had first tried to avoid the difficulty of coloured 
images by doing without the refraction which caused it. He 
built the first reflecting telescope (Fig. 11);, the prototype of the 
giants of today and also of the more recent device^ the reflecting 
microscope. Not satisfied with this he attacked the problem of 
colours directly^ taking up the experiments of Descartes on the 
prism where he had left them. By a most brilliant combination 
of experimental technique and logic he was able to show that 
the colours of the prism, or of the rainbow, are not created by it 
but are the intrinsic components of ordinary white light. His 
researches, however, did not help him to solve his original 
problem; indeed he was able to show to his own dissatisfaction 
that it was impossible to correct the dispersive or colour-making 
properties of lenses. In this he was wrong, and his authority 
held up the practical development of telescopes for about eighty 
years. A Swedish mathematician, Klingenstjerna (1698-1765), 
seems to have been the first to repeat New^ton’s experiments 
with sufficient care to show his error. It was not until 1758 
that Dollond, the instrument maker, hearing of Klingenstjerna’s 
work, was able to use the idea of balancing two kinds of glass of 
different refractivilies and dispersion against each other, so 
producing the achromatic lens which is the basis of all modern 
optical instruments. 

Light as particles or waves : Huygens 

Newton, in his optical studies, considered kinds of colour 
other than those of the rainbow, notably those produced by 
reflection from thin layers, such as oil on water. It was there 
he found the first hint of the discontinuity or “ graininess ” 
of both matter and light. This strengthened his conviction, 
already gained by philosophic inclination and mathematical 
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convenience^ that matter is atomic. Unfortunately the same 
conviction caused him to follow Descartes and treat light as 
atomic^ its rays being the trajectories of particles reflected just 
as a ball bounces off a wall. Other phenomena producing 
colours pointed to a different conclusion. Grimaldi (1618-63) 
had long before Newton studied the colours found at the edges of 
shadows^ particularly those of fine slits or hairs. He also found 
that the rays of light were not quite straight but slightly bent— 
diffracted—on passing near an object. He put both phenom¬ 
ena down to waves, like the familiar ripples in water, or pulses of 
sound, with the dificrent colours having different wave-lengths 
like the notes of music. 

Huygens developed this idea mathematically and showed how 
the wave theory of light would account both for diffraction and 
the colours of thin plates. Moreover he explained, far better 
than Newton had, the curious property of Iceland spar (calcite) 
of showing objects seen through it as double. Here again, 
however, Newton’s superior authority carried the day and the 
wave theory of light had to wait more than a century before it 
was rehabilitated (p, 412, 440). 

The microscope : the new world of small things 
Just as the telescope in the hand of Galileo had found the 
secret of the stars, that other optic glass, the microscope, in the 
hands of a number of seventeenth-century observers such as 
Malpighi, Hooke, Swammerdam (i637™8o), and the incom¬ 
parable Dutch clothier, Leeuwenhoek (1632-1723), opened up 
a new world of the very small.^-^® Insects, the parts of plants, 
the small creatures that live in water, even the minute bacteria 
and the spermatozoa that carry the principle of generation, 
were all observed and became the objects of wonder, specula¬ 
tion, and argument. The anatomy of larger animals was also 
refined and Harvey’s theory of the circulation of the blood fully 
confirmed. But whereas the telescope, whether nautical or 
astronomical, had from the very start a real, practical use, the 
microscope did not prove its value until 200 years later, in the 
hands of Koch and Pasteur, for combating bacterial disease. 
Largely for this reason these early microscopical studies did not 
immediately lead to any great development either of micro¬ 
scopy or biology; what was seen remained more amusing and 
instructive—in the philosophic sense—than of scientific or 
piactical value. 
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The vacuum and the barometer 

The development of pneumatics far beyond the bounds reached 
by the Greeks (p. 159) was the first great step forward in physics 
that was to lead rather to industrial than to astronomical and 
navigational consequences. The decisive discovery that brought 
it about, the actual production of the vacuum^ was itself derived 
directly from practical hydraulics. Hitherto the existence of 
the vacuum had been a philosophic question to be settled by 
argument (p. 128); from 1643 to become a matter of 

practical demonstration. Galileo was, in his latter days, con¬ 
cerned with the reason why it was impossible to raise water by 
ordinary suction pumps more than about thirty-two feet. This 
fact, long known to miners and well-sinkers, had not hitherto 
attracted the attention of the learned. Galileo attributed it 
to the inability of a water column to bear its own weight, though 
he could find no satisfactory explanation why once it had 
broken it did not fall right down, and attributed this to a 
limited horror vacui. 

It was not until the year after his death that his pupil Torri¬ 
celli (1608-47) had the ingenious idea of using mercury instead 
of water, and was thus able to work with a column of manage¬ 
able height, for in the inverted tube the mercury would not rise 
above thirty inches, thus giving the same pressure as the water 
column of fifteen pounds per square inch. He had the in¬ 
tellectual courage to see that the real explanation was that the 
pressure of the air held up the column of mercury, so that the 
instrument was a barometer, a means of measuring the weight of 
the atmosphere. The space at the top of the column was the 
real vacuum which Nature was supposed to abhor. Indeed, as 
we have seen (p. 144), Aristotle had already proved a vacuum 
to be impossible because air, opening in front and closing in 
behind, was needed for violent motion. Its discovery was a 
last and fatal blow to Aristotle’s mechanics, though every 
effort was made to deny it or explain it away. Torricelli’s 
explanation was, however, soon confirmed by Pascal’s (1623- 
62) experiment of taking a barometer up a mountain and 
noticing the fall in pressure. 

Von Guericke's air-pump 

The story was then carried forward by a remarkable charac¬ 
ter, the prototype of the heavily endowed scientists of today, 
Otto von Guericke (1602- 86), the mayor of Magdeburg and 
M 329 



THE SCIENTIFIC REVOLUTION 

ex-Quartermastcr of Gustavus Adolphus^ and a man of con¬ 
siderable means and great enterprise. Von Guericke did 
things in a big way; he spent a stupendous sum in 

those days^ on his experiments. He first of all tried to produce 
a vacuum by the straightforward method of pumping the water 
out of a closed barrel. The barrel bursty so he made a stronger 
vessel of brass. Afterwards he devised an air-pump and 
succeeded in producing vacua in large vessels. One of these he 
used for his celebrated experiment when sixteen horses a side 
were needed to pull apart two hemispherical vessels in the 
presence of the Emperor and his court. The Magdeburg 
hemispheres furnished a most impressive demonstration of the 
material truth of the new science. But the experiment did 
more than that; it showed people that the vacuum of the 
pressure of the air was a most powerful force that only needed 
ingenuity to harness it for useful purposes. Von Guericke 
himself thought of transferring power through evacuated tubes^ 
an idea that was afterwards developed in the vacuum brake for 
the railways. 

Von Guericke’s pumps were much improved by Boyle, or 
more probably by Hooke, who was then in his pay. With this 
pump Boyle demonstrated many new and strange effects. He 
showed^ for instance^ that without air, sound could not travel, 
but light and magnetism were not affected. He also found 
what might have been expected, but was nevertheless a striking 
demonstration, that both life and combustion were impossible 
in a vacuum, and thus provided the first clues to the great 
chemical and physiological revolution of the next century. 

The use of the air-pump, particularly the effort involved in 
pumping, led Boyle to a study of the behaviour of air, both 
compressed and expanded. Thus he discovered the first 
scientific law outside that of simple mechanics, what he called 
the “ Spring of Air,” the law that we now know as Boyle’s 
Law: that the pressure multiplied by the volume of a certain 
amount of air is constant—or rather, as was found later, is 
directly proportional to the temperature. 

The idea of using new natural forces to satisfy human needs 
had never entirely died out, and was bound to come up in an era 
of scientific enterprise such as the seventeenth century, when 
there was a mounting need of brute force to pump the mines 
and set going the wheels of flourishing industry. One obvious 
force to use was that of fire, especially ever since the power of 
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fire was made manifest in the cannon. One of the first crude 
ideas was an internal-combustion engine using gunpowder 
where we use petrol. After that inventors turned to the expan¬ 
sive power of steam. These direct methods were bound to fail^ 
not because they were intrinsically wrong, but because the 
technique of the time did not provide vessels strong enough 
to deal with pressures of this magnitude. Denis Papin (1647- 
1712), Huygens’ assistant, who afterwards worked for a while 
with Boyle, did manage to make a digester in which he reduced 
bones to soup, but his pressure cooker has only come into use 
in our own day. He also took the first steps to a practical 
steam-engine. The way to the use of steam power was to lead 
through the vacuum, as will be shown in the next chapter. 

The false daw?i of rational chemistry 

The discovery of the vacuum furnished the first clue that 
might have led to the development of rational chemistry in the 
seventeenth century instead of 100 years later. The vacuum 
pump showed how air was necessary both to combustion and 
breathing, and centred interest on the twin problems of flame 
and life. Boyle, Hooke, and Mayow, following a clue dropped 
by Paracelsus, almost succeeded in proving that air contained 
something that was essential to burning and that turned arterial 
blood red. Boyle referred to it as “ a little vital quintessence 
(if I may so call it) that serves to the refreshment and restaura- 
tion of our vital spirits.” Mayow called it “ Nitro aerial spirit ” 
thus linking it with gunpowder—which was to become Lavoisier’s 
oxygen. But they got no fiirther for two fundamental reasons: 
lack of suitable scientific theory and inadequate techniques and 
materials. 

Chemistry had never been part of the classical canon, and the 
Aristotelian elements, earth, water, air, and fire, had always 
had a meteorological and physical aspect, rather than a chemical 
one (p. 122), Arab and medieval chemistry, or rather alchemy, 
was, however, thoroughly mixed with an astrology that linked 
the metals with the planets. The collapse of the Aristotelian- 
Platonic world-picture meant that chemistry without its airs 
and planetary influences had no intellectual basis left, as Boyle 
pointed out in The Skeptical Chymist, Nor did the Arabic- 
Paracelsan “ spagyric ” chemistry of the three principles— 
mercury, sulphur, and salt—fare any better (p. 272). The 
principles were far too vague and changeable to fit into a 
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corpuscular philosophy which was specifically designed to 
exclude occult qualities. Boyle himself managed to give a 
precise definition of an element^ though a negative one: 

No body is a true principle or element . • . which is not 
perfectly homogeneous but is further resolvable into any 
number of distinct substances how small soever. 

Unfortunately^ the technique of chemistry could give no 
guarantee, apart from a few metals, as to what was an element; 
and Boyle’s criterion was inapplicable for another hundred 
years. He recognized this himself in his essay On the Unsuccess¬ 
fulness of Experiments. 

Newton, who worked at chemistry for much longer than at 
physics, got no further in practice. In theory he had evolved, 
as Vavilov has shown, a picture of the atom composed 

of shell within shell of parts held together successively more 
firmly. This was a striking and quite logical anticipation of the 
modern atom with its electrons and nuclei, but it lay forgotten 
for nearly 300 years. In the seventeenth century chemistry 
was not yet in a state in which the corpuscular analysis could 
be applied. For that it needed the steady accumulation of 
new experimental facts that was to come in the next century. 
Chemistry, unlike physics, demands a multiplicity of experi¬ 
ence and docs not contain self-evident principles. Without 
principles it must remain an “ occult ” science depending on 
real but inexplicable mysteries. 

As long as chemistry revolved around the same materials 
as were known to the Ancients, it tended to become stereo¬ 
typed. But after the fifteenth century the chemical world ex¬ 
panded rapidly. New substances with remarkable properties, 
such as phosphorus, were accidentally produced, and new metals 
such as bismuth and platinum were discovered in the Old and 
New Worlds. To explain their properties new theories, con¬ 
tinuously being checked by new practice, were needed. They 
were necessarily, at first, qualitative and obscure, but they 
formed an essential foundation to more precise theories. All 
the time, in response to the demands of an ever more specialized 
trade and industry, there came the need for particular chemicals 
—saltpetre, alum, copperas (iron sulphate), oil of vitriol (sul¬ 
phuric acid), soda—which gave birth to a chemical industry 
from the experience and the problems of which was to come the 
rational chemistry of a later age. 
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Seventeenth-century biology 

The world ofliving things^ with its enormously greater com¬ 
plication, was bound to be far more difficult to explain than 
that of chemical transformation. It is therefore not surprising 
that the new mechanical, corpuscular philosophy, in spite of its 
pretensions, was of little real service. Sanctorius (1561-1636) 
weighed himself in a balance while eating and sleeping but 
could not explain the changes he observed. Descartes’ idea of 
the animal-machine and the man-machine which differed only 
by the attachment of a rational soul steering it through the 
pineal gland did little to advance physiology. Borelli (1608 - 78) 
pushed the analogy further and accounted, on mechanical 
principles, for the limb movements of men and animals. 
Hydraulics had worked well for the heart and blood but were 
of little use for the brain and the nervous fluid. 

Where the seventeenth century did make a critical advance 
was in observation, particularly in using the microscope (p. 
328), which revealed for the first time the spermatozoa respon¬ 
sible for generation. More immediately important was the 
work of Nehemiah Grew (1641-1712), who laid the foundations 
of plant physiology, and of John Ray (1627-1705), a black¬ 
smith’s son, who took the first steps towards a scientific classifica¬ 
tion of plants and, less successfully, of animals. 

The biological investigations of the late seventeenth century 
were, in practice, of little immediate use to agriculture. The 
changes that were made, and they were great, particularly in 
horticulture, were due rather to the careful and slow improve¬ 
ments of traditional practice under exceptionally favourable 
economic conditions. It was in Flanders and Holland that 
it was possible to find men of substance able and willing to put 
capital in the form of implements and manure into their farms 
and at the same time to be assured of an ample and growing 
market for the improved produce. Holland was the nursery 
from which the new methods, thanks to the work of enthusiastic 
amateurs like John Evelyn (1620-1706), were to pass to 
England. 

The direct method of observation and experiment was to be 
more immediately fruitful in medicine, though progress was 
disappointingly slow. The idea that medicine was a science to 
be discovered from the study of patients rather than a doctrine 
to be practised on them, though as old as Hippocrates, had been 
largely forgotten. It was renewed in this time by doctors like 
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Sydenham (1624-89), who, besides being a great clinician, was 
in touch with all the science of his time. 

CELESTIAL MECHANICS: THE NEWTONIAN 
SYNTHESIS 

While all these achievements bear witness to the great 
flowering of scientific activity in many fields, the central 
interest and the greatest scientific triumph of the seventeenth 
century was undoubtedly the completion of a general system of 
mechanics capable of accounting for the motion of the stars in 
terms of the observable behaviour of matter on earth. Here 
the moderns were in effect settling their accounts once and for 
all with the ancient Greeks. Ancients and moderns were both 
agreed on the importance of the study of the heavens. But 
because the interests of the latter were now more practical than 
philosophic, they required a very different kind of answer. 
Finding that answer in a complete and satisfying form was the 
work of a sequence of mathematicians and astronomers, 
including almost all the great names of science of the period— 
Galileo, Kepler, Descartes, Borelli, Hooke, Huygens, Halley, 
Wren—but all was to lead up to the clear unification of 
mechanics in Newton’s De PhilosophitB Naturalis Principia Mathe¬ 
matical where he set out and proved his theory of universal 
gravitation. 

The intrinsic interest of the problem of the movements of the 
solar system was still very great, though, in fact, its philo¬ 
sophical and theological significance had already vanished with 
the destruction of the cosmology of the Ancients. The trial of 
Galileo was indeed in the nature of a futile parting shot by 
clerical Aristotelianism. But the new edifice that was to take 
its place would not be complete unless an acceptable physical 
explanation of the system of Copernicus and Kepler could be 
found. That was one reason why almost every natural philo¬ 
sopher speculated, experimented, and calculated with the aim 
of finding this explanation. Some got very close to it, particu¬ 
larly Hooke, until Newton’s success ended the chase. 

Finding the longitude 

The astronomers had another and even more compelling 
reason for discovering the laws of motion of the solar system. 
This was the need for astronomical tables far more accurate than 
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had sufficed in the days when astronomy was required mainly 
for astrological prediction. The needs of navigation were far 
more stringent. The determination of a ship’s position at sea, 
and particularly the more difficult part of the position, the 
longitude, was a recurring problem. It became more and 
more urgent as a larger and larger share of the economic and 
military effort of countries was spent in overseas ventures, 
especially of those countries that were themselves the centres 
of scientific advance: England, France, and Holland. The 
finding of the longitude was a question that was to occupy both 
the learned astronomers and the practical sailors for many 
decades, even centuries. It was for the purpose of assisting in 
the solution of this practical problem that the first nationally 
financed scientific institutions were set up—the Observatoire 
Royal at Paris in 1672 and the Royal Obse^rvatory at Green¬ 
wich in 1675. 

The question of the determination of longitude is essentially 
one of determining absolute time—or, as we now would call it, 
Greenwich time—at any place. This, compared with the local 
time, gives the time interval which is directly convertible to 
longitude. At any place there are, or were before the invention 
of radio, only two methods of determining the Greenwich 
time: one by observing the movements of the moon among the 
stars—a clock already fixed in the sky; and the other by carrying 
around an accurate clock originally set at that time. The 
first required extremely accurate tables for the prediction of the 
place of heavenly bodies, the second absolutely reliable clock 
mechanisms. All through the seventeenth and a large part 
of the eighteenth centuries both lines of attack were pursued 
without definite advantage falling to either. There was an 
immediate stimulus to thought, observation, and experiment 
in both directions, a stimulus in part simply mercenary but also 
one of national and individual prestige. 

The chronometer 

The two methods were at first sight quite different: one was 
concerned with a movement of some material-controlling 
mechanisms, the other with that of spheres in empty space; but 
as they were studied both were found to have a common basis in 
dynamics. It was Galileo himself who had discovered that the 
ideal controller, that beat constant time, was the pendulum. 
Hooke made the essential practical contribution of substituting 
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the spring-controlled balance wheel, which was not upset by the 
motion of the ship, for the pendulum. In either case accurate 
time-keeping depended on knowing the laws of motion of bodies 
in oscillation, and it was here that Huygens solved the problem 
and laid the basis of the first chronometer, as set out in his book 
De Horologium Oscillatorium (1673). ^ 

before these principles could be turned into effective practice 
through improved workmanship, and Harrison’s chronometer 
could in 1765 finally win the prize offered by the Admiralty for 
achieving the longitude. 

Planetary motions : the doctrine of attraction 

It was, however, the purely astronomical approach that, 
though it failed to provide the practical solution, was to prove 
far the more valuable to the science of the future. This was 
because of the stimulus it gave to the finding of a mathematical 
and dynamical solution to the problem of planetary motion. 
Many people had speculated as to why the planets should move 
round the sun in the orbits which Kepler had first shown were 
elliptical; they had even guessed that they might be held 
there by some force of attraction. In fact the idea of attraction 
had been a common one ever since Gilbert’s study of the magnet 
(p. 299), and even before. The magnet showed that attraction 
was possible at a distance and Gilbert himself had suggested 
that what held the planets in their position and indeed drove 
them round their orbits might just be magnetism. 

Borelli in 1666 introduced the important idea that the move¬ 
ments of planets implied the existence of the need to balance 
the centrifugal force, such as that exerted by a stone in a sling, 
by some other force which he characterized as the force of 
gravity extending beyond the immediate neighbourhood of the 
earth to the moon and from the sun to the planets. To account 
for an elliptical orbit, with the planet moving faster as it nears 
the sun, the force of gravity must increase to balance the 
increased centrifugal force. The force of gravity is therefore 
some function of the power of the distance. The question now 
became: What function? Hooke, who had already suspected 
that gravity diminished with the distance, tried to confirm it by 
looking, though in vain, for the variation of weight in a body 
on the ground, in a mine-shaft, and at the top of a steeple. 

The prevailing theory of gravity remained that of Descartes: 
namely, that heavy bodies were sucked down to their centres of 
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attraction by “ some secret principle of unsociableness of the 
ethers of their vortices,” to quote Newton, who adhered to this 
theory as late as 1679.'*-'^® 

'Filings could go no further until these general ideas could be 
reduced to a mathematical form and checked with observations. 
The first step to this was taken by Huygens in 1673, when in 
connection with his work on pendulum clocks he enunciated 
the law of centrifugal force, showing that it varied as the 
radius and inversely as the square of the period. Now the 
square of the period, according to Kepler’s third law, was 
proportional to the cube of the radius, and it follows therefore 
that the gravitational pull or centripetal force to balance the 
centrifugal force must depend on the radius divided by its 
cube, that is on the inverse square of the radius. Hooke, 
Halley, and Wren had made this deduction by 1679. Two 
problems remained: tliat of the explanation of elliptic orbits; 
and the mode of action of large attractive bodies. Hooke 
wrote to Newton, putting these problems, but received no reply, 
and in 1684 Halley offered a prize for their solution. It was 
clear that the answer was very near, but, though many men had 
led up to it, only one had the mathematical ability to find it and 
to draw the revolutionary conclusions that followed from it. 

Isaac Newton 

That man was Isaac Newton, one of the younger generation of 
Fellows—born in 1642, the year Galileo died—but already well 
known for his mathematical and optical researches. Newton 
came from the new rural middle class that had already produced 
Cromwell and the parliamentary officers. He was the post¬ 
humous son of a small liincolnshire farmer with connections 
good enough to send him to Cambridge, where he studied with 
no particular distinction. In 1663 he came into contact with 
the learned and travelled Isaac Barrow (1630-77), the new 
Lucasian professor of mathematics, who appreciated his abilities 
and got Newton appointed to his chair in 1669 at the age of 
twenty-six, though he had published nothing and attracted 
little notice. He remained at Cambridge until at the height 
of his fame he was, in 1696, appointed Warden, and later 
Master of the Mint, at £^00 a year, a job that he was considered 
very lucky to get and the duties of which he carried out 
conscientiously. 

At Cambridge Newton worked on optics, many other 
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branches of physics, chemistry, biblical chronology, and theo¬ 
logy of a heretical, Arian kind. He seems to have had but 
little influence on the University and never founded a school. 
It was there that he came under the influence of a deeply 
religious group of Platonists led by Heniy More, and through 
them Platonic elements entered into his philosophy and con¬ 
sequently into that of modern science.In general he con¬ 
formed to the views of his class, represented Cambridge Univer¬ 
sity in Parliament, and supported the Whig compromise in 
politics. This helped to make his ideas, which were only later 
to show their revolutionary potentialities, appear respectable at 
the start. Newton was personally an extremely odd character, 
very reserved and retiring, even secretive- He never married 
and would not accept ordination because of his doubts about 
the Trinity. He knew enough to make him very self-critical; 
but this made him even more resentful of the criticisms of other 
people. 

Newton’s public entry into the discussions of gravitation came 
late. He may very wc‘ll have considered it when, as an under¬ 
graduate, he had to retire to his home at Woolsthorpe in the 
plague year, 1665, and the story of the apple may be a true one. 
Either, however, he had doubts about it or he did not consider 
it very important, for he published nothing on it and busied 
himself with other things for twenty years. His later work 
shows him capable of entertaining a number of incompatible 
hypotheses before deciding on one, and he may have done so 
here, as his Cartesian speculation of 1679 shows (p. ;^37). In 
any case what he thought in 1665 can have had no influence on 
the course of science, and the inverse square law was certainly 
arrived at by several others before he published it. 

Newton’s contribution was, nevertheless, the decisive one. 
It lay in finding the mathematical method for converting 
physical principles into quantitatively calculable results con¬ 
firmable by observation, and conversely to arrive at the physical 
principles from such observations. In his own words from the 
preface of Principia : 

I ofler this work as the mathematical principles of philo¬ 
sophy, for the whole burden of philosophy seems to consist 
in this—from the phenomena of motions to investigate the 
forces of Nature, and then from these forces to demonstrate 
the other phenomena; ... I wish we could derive the 
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rest of the phenomena of Nature by the same kind of 
reasoning from mechanical principles, for I am induced 
by many reasons to suspect that they may all depend upon 
certain forces by which the particles of bodies, by some 
causes hitherto unknown, are either mutually impelled 
towards one another, and cohere in regular figures, or are 
repelled and recede from one another. These forces being 
unknown, philosophers have hitherto attempted the search 
of Nature in vain; but I hope the principles here laid 
down will afford some light cither to this or some truer 
method of philosophy. 

The infinilesirnal calculus 

The instrument by which he did this was the infinitesimal 
calculus or, as he called it, the method of fluxions (the even 
flowing of a continuous function). This marked the culmina¬ 
tion of the work of many generations of mathematicians, from 
Babylonian predecessors through Eudoxus and Archimedes 
(p. 130). In the seventeenth century it was rapidly developed 
through the work of Fermat and Descartes. It was put in the 
form we knenv it by Leibniz (1G46-1716) (p. 364). Whether 
N(‘wton or Leibniz deserves the greater credit for it—a subject 
of bitter controversy at the time—is not, from the point of view 
of the progress of science, of any great moment. What is 
important is that Newton used his calculus to solve vital c[ues- 
tions in physics and taught others to do the same. 

By its use it is possible to find the position of a body at any 
time by a knowledge of the relations between that position and 
its velocity or rate of change of velocity at any other time. In 
other words, once the law of force is known, the path can be 
calculated. Applied inversely, Newton’s law of gravitational 
force follows directly from Kepler’s law of motion. Mathe¬ 
matically they are two different ways of s<iying the same thing; 
but whereas the laws of planetary motion seem abstract, the 
idea of a planet held in its course by a powerful attraction is a 
graspable image, even if the gravitational force itself remains a 
complete mystery. 

The calculus, as developed by Newton, could be used and 
was used by him for the solving of a great variety of mechanical 
and hydrodynamic problems. It immediately became the 
mathematical instrument for all understanding of variables 
and motion, and hence of all mechanical engineering, and 
remained almost the exclusive one until well into the present 
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century. In a very real sense it was as much an instrument of 
the new science as the telescope. 

The “ Principia ” 

It must have required all Halley’s persuasiveness to make 
Newton^ in the two years 1685-86^ embody his solution of 
planetary motions in his Philosophic Naturalis Principia Mathe- 
rnatica. It was printed for the Royal Society and bears the 
imprint of its President^ who was rather surprisingly Samuel 
PepySj but the Society was short of money and Halley had to 
pay for its production out of his own pocket. This book, in 
sustained development of physical argument, is unequalled in 
the whole history of science. Mathematically it can only be 
compared to Euclid’s Elements'^ in its physical insight and its 
effect on ideas only to Darwin’s Origin of Species. It immediately 
became the bible of the new science, not so much as a revered 
source of doctrine—though there was some danger of this, 
especially in England—but of further extensions of the methods 
there exemplified. 

Newton, in his Principia^ did far more than establish the laws 
of motion of the planets. His grand object was certainly to 
demonstrate how universal gravity could maintain tlic system 
of the world. But he wished to do this not in the old philo¬ 
sophical way but in the new, quantitative, physical way. In 
this he had two other tasks to fulfil: first of all to demolish 
previous philosophic conceptions, old and new; and secondly 
to establish his own as not only the correct but also the most 
accurate way of accounting for the phenomena. 

A great deal of the Principia is taken up with a careful and 
quantitative refutation of the system most in vogue and with 
which he himself had flirted, that of Descartes with its set of 
whirlpools in which each planet was held. Tliis was a 
genial intuitive idea but one totally incapable, as Newton 
showed, of giving accurate quantitative results. In doing so, 
he was led into founding the science of hydrodynamics, discussing 
and refining the ideas of viscosity and the resistance of the air, 
and indeed laying the basis for a mechanics of fluids that was 
to come into its own only in the day of the aeroplane. 

Though Newton used the calculus in arriving at his results, 
he was careful in the Principia to recast all the work in the form 
of classical Greek geometry understandable by other mathe¬ 
maticians and astronomers. The immediate practical conse- 
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quence of its publication was to provide a system of calculation 
enabling the positions of the moon and planets to be determined 
far more accurately^ on the basis of a minimum of observations, 
than his predecessors could by their empirical extension of long 
series. Three observations, for instance, were sufficient to 
fix the position of a celestial object for an indefinite future. 

The proof of this was furnished soon after Newton’s time by 
his friend Halley in his famous comet, whose return he success¬ 
fully predicted on the basis of Newton’s theories. As a result 
of using Newtonian theories nautical tables became far more 
accurate. Unfortunately, the most suitable celestial object to 
observe for the purpose of finding the longitude is the moon, 
and the moon’s motion is quite the most complicated in the 
solar system. It was never reduced to good enough order to 
be a reliable guide to sailors, and in the end it was the scientific¬ 
ally minded clockmakcrs who took the prize—or as much of it 
as they could persuade the Admiralty to part with—from the 
mechanically minded astronomers. 

Newlon replaces Aristotle: an established universe against a main¬ 
tained one 

Newton’s theory of gravitation and his contribution to 
astronomy mark the final stage of the transformation of the 
Aristotelian world-picture begun by Copernicus. For a vision 
of spheres, operated by a first mover or by angels on God’s 
order, Newton had effectively substituted that of a mechanism 
operating according to a simple natural law, requiring no con¬ 
tinuous application of force, and only needing divine interven¬ 
tion to create it and set it in motion. 

Newton himself was not quite sure about this, and left a loop¬ 
hole for divine intervention to maintain the stability of the 
system. But this loophole was closed by Laplace (p. 363) and 
God’s intervention dispensed with. Newton’s solution, which 
contains all the quantities necessary for the practical prediction 
of the positions of the moon and the planets, stops short of any 
fundamental questioning of the existence of a divine plan. 
I ndeed Newton felt he had revealed this plan and wished to ask 
no further questions. 

He got over the awkward assumption he had made on the 
existence of absolute motion by saying, following his Platonist 
friends, that space was the sensorium—awareness or brain—of 
God, and must therefore be absolute. In this way he avoided 
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confusing himself in relativistic theories. His own theory gave 
no reasons why tlie planets should all be more or less in a plane 
and all go round the same way—for which Descartes’ whirlpool 
had given a facile explanation. New'ton honestly disguised his 
ignorance of origins by postulating that this was the will of God 
at the beginning of creation. 

By this time the destructive phase of the Renaissance and 
Reformation was over; a new compromise between religion and 
science was needed just as much as those between monarchy and 
republic and between the upper bourgeoisie and the nobility. 
Newton’s system of the universe did represent a considerable 
conccssioji on the part of religious orthodoxy^ for by it the hand 
of God could no longer be clearly seen in every celestial or 
terrestrial event but only in the general creation and organiza¬ 
tion of the whole. God had, in fact,, like his anointed ones on 
earth, become a constitutional monarch. On their side the 
scientists undertook not to trespass into the proper field of 
religion—the world of man’s life with its aspirations and 
responsibilities. This compromise, wisely advocated by Bishop 
Sprat, and preached by the redoubtable Dr Benth'v in his Boyle 
sermons of 1692, ^vas to last until Darwin upset it in the nine¬ 
teenth century. 

Although the system of universal gravitation appeared to be 
at the time, and still remains, Newton’s greatest work, his 
influence on science and outside it was even more cflhctivc 
through the methods he employed in achieving his results. His 
calculus provided a universal way of passing from the changes 
of quantities to the quantities themselves, and vice versa. He 
provided the mathematical key adccjuatc for the solution of 
physical problems for another 200 years. By setting out his 
law's of motion, which linked force not with motion itself but 
with change of motion, he broke definitely wdth the old common- 
sense view that force was needed to maintain motion, and 
relegated the friction, which makes this necessary in all practical 
mechanisms, to a secondary role which it was the object of the 
good engineer to abolish. In one word Newton established, 
once and for all, the dynamic \ icw of the universe instead of the 
static one that had satisfied the Ancients. This transformation, 
combined with his atomism, showed that Newton was in 
unconscious harmony with the economic and social world of 
his time, in which individual enterprise, where each man paid 
his way, w^as replacing the fixed hierarchical order of the 

342 



THE SCIENTIFIC REVOLUTION 

late classical and feudal period where each man knew his 
place. 

Quite apart from these actual achievements, Newton’s work, 
itself that final refinement of a century of experiment and 
calculation, provided a reliable method which could be used 
confidently by the scientists of later times. At the same time 
it reassured scientists and non-scientists alike that the universe 
was regulated by simple mathematical laws. Thus the laws of 
electricity and magnetism, as we shall sec (p. 434), were built 
on a Newtonian model, and the atomic theory of the chemists 
was a direct outcome of Newton’s atomic speculations. 

The prestige and i?(fluence of Newton 

The very successes of Newton carried with thorn correspond¬ 
ing disadvantages. His abilities were so great, his system so 
apparently perfect, that tluy positively discouraged scientific 
advance for the next century, or allowed it only in regions he 
had not touched. In British mathematics this restriction w^as 
to remain until the mid-nineteenth century. Newton’s influ¬ 
ence lasted even longer than his system, and the whole lone he 
gave to science came to be taken so much for granted that the 
severe limitations it implied, which were largely derived from 
his theological pi econceptions, were not recognized till the time 
of Einstein and are not fully even now. 

Paradoxically, for all his desire to limit philosophy to its 
mathematical expression, the most immediate effect of New¬ 
ton’s ideas was in the economic and political field. As they 
passed through the medium of the philosophy of his friend 
Locke and his successor Hume, they were to create the general 
scepticism of authority and belief in laisserfaire that were to 
lower the prestige of religion and respect for a divinely consti¬ 
tuted order of society. Directly through Voltaire, who first 
introduced his work to the French, they were to contribute to 
the “ Enlightenment ” and thus to the ideas of the French 
Revolution. To this day they remain the philosophical basis 
of bourgeois liberalism. 

JAO—RETROSPECT: CAPITALISM AND THE BIRTH 
OF MODERN SCIENCE 

Looking back over the epic movement of the new science in 
the fifteenth, sixteenth, and seventeenth centuries we are now 
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better placed to see why the birth of science occurred when and 
where it did. We can see how it followed closely on the great 
revival of trade and industry that marked the rise of the 
bourgeoisie in the fifteenth and sixteenth centuries and its 
political triumph in England and Holland in the seventeenth. 
The birth of science follows closely after that of capitalism. The 
same spirit that broke the fixed forms of feudalism and the 
Church had also broken wdth the even older slave-owning, 
conservative tradition of the classical world. In science, as in 
politics, a break with tradition meant a liberation of human 
ingenuity into hitherto closed fields. No part of the universe 
was too distant, no trade too humble, for the interest of the 
new scientists. 

The unity of seventeenth-century science 

Yet despite the variety of fields of study, science in the 
seventeenth century had an underlying unity which had a 
threefold basis: that of persons, of ideas, and of applications. 
In the first place, the scientist of the seventeenth century was 
himself able to cover and to produce original work over all the 
field of then known science. Newton was not only a mathe¬ 
matician, astronomer, optician, and mechanic, but he worked 
for years on chemistry, of which, though he published little, it 
appears he had a far deeper understanding than any other man 
of his time. Hooke, though no great mathematician, worked, 
as we have seen, in all these fields as well as in physiology, and is 
one of the pioneers of microscopy. Wren, whom we know as an 
architect, was also at the very centre of the scientific movement. 
As a result of this universality the scientists or virtuosi of the 
seventeenth century could get a more unitary picture of the 
field of science than it has been possible to achieve in later 
times. 

Mathematical philosophy 

In the second place, there was an underlying unity produced 
by a guiding idea and method of work that was essentially 
mathematical and based on a mathematics derived directly 
from the Greeks, but including also Arabic, Hindu, and possibly 
Chinese contributions. This was not sheer gain; an effective, 
though unrecognized, limitation of the field of seventeenth- 
century science was due to this preoccupation with mathe¬ 
matics. Those parts of experience that could not then be 
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reduced to mathematics tended to be left out, and even those 
parts which were not suitable for mathematics tended to be 
treated mathematically, with somewhat ridiculous results. A 
follower of Harvey, for example, tried to explain the action of 
the different glands of the body by the relative momentum of 
their particles, which depended on the angles at which their 
ducts discharged. The extreme case was in the social field, with 
the attempt by Spinoza (1632-77), the noblest of the seven¬ 
teenth-century philosophers, to reduce ethics to mathematical 
principles. It was because of the insistence on mathematics 
that the scientists of the seventeenth century succeeded only in 
those fields, such as mechanics and astronomy, wiierc the 
Greeks had been before them, and made little significant pro¬ 
gress in chemistry and biology. 

Science and technical problems 

The third and most characteristic unifying principle of the 
new science was its concern with the major technical problems 
of the day. As we have seen, the enormous advance of tech¬ 
nique from the fourteenth century, or even before, arose out 
of the break with tradition in the favourable circumstances of 
Europe, where abundant resources had to be exploited by few 
men, thus putting a premium on ingenuity. The solutions 
reached in mining and metal-working, transport and textiles, 
were technical solutions, but by breaking witli tradition they 
raised new problems which modern science was created to 
solve. Enough of these problems, especially those of naviga¬ 
tion, gunnery, and mechanics, lay within the scope of the Greek 
tradition of learning to be within range of immediate practical 
solution. The remainder were to form the inspiration of 
eighteenth-century science. 

Science proves its worth 

It is true that at first the scientists claimed to be able to 
achieve greater results than were possible at the time. Until 
the end of the eighteenth century science drew far more from 
industry than it could yet give back. In chemistry and biology it 
was to be at least another hundred years before anything that the 
scientists could propose could replace or improve on the tradi¬ 
tional processes, in medicine even longer. Even among the 
well-understood physical sciences, both in mechanics and 
gunnery, the practical man still held the advantage. The 
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improvement of mills was for long to be in the hands of the 
millwrights^ that of guns in those of the founders. Working in 
wood or in roughly cast metal it was impossible to make use 
of the refinements which the new mathematics and dynamics 
could provide, Newton, for instance, did work out the tra- 
jectory of shot allowing for the resistance of the air. His 
methods were still being used in the Second World War, but 
they were quite inapplicable in his time. Gun barrels were 
uneven, the shot did not fit them, the quality and quantity of 
powder varied with every filling, and there was no means other 
than rough manhandling with ropes and wedges for pointing 
the gun. The practical gunner, who knew the limitations of his 
art, could well dispense with ballistics.^-^® The only exception 
to this was the art of the clockmaker, in the higher reaches of 
which—the design of marine chronometers—some knowledge 
of dynamics was a necessity. 

The one great success of the new science lay in navigation. 
This was achievement enough, for it was at a time when control 
of the sea-ways and the opening up of the new world were the 
key to national, economic, and political success. By proving 
its worth there, science became an established part of the new 
dominant capitalist civilization. It acquired a continuity and 
a status that it was never to lose. The importance of science 
was to grow relatively and absolutely as it came to be realized 
that the military and economic superiority of European 
civilization over the old civilizations of Islam, India, and China, 
was due to its technical achievements, and that the improvement 
of technique required the continuous application and develop¬ 
ment of science. 

Ancients and moderns 

It was in this field of techniques that the men of the seven¬ 
teenth century felt superior not only to their forebears of the 
Renaissance and of the barbarous Middle Ages, but even to the 
almost legendary achievements of the ancient Greeks and 
Romans. Modern men, it was felt, might not be wiser or 
better, but they were certainly more ingenious and could do 
things the Ancients never dreamed of, like shooting off guns or 
sailing to America. More important than the achievement 
itself was the knowledge that it was only a beginning, that there 
was no limit to possible advance along the same line. As early 
as 1619 Johan Valentin Andrae, Gomenius’ tutor, had de- 
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Glared^ “ It is inglorious to despair of Progress/’ and that idca^ 
so foreign to the medieval^ if not entirely to the classical mind^ 
was launched on its triumphant career.^-'*® 

Indeed it was towards the end of this period that the battle 
between Ancients and Moderns was most consciously engaged. 
It ranged with varying fortunes all over the world of know¬ 
ledge.Its most famous expression was Swift’s Battle of the 
Books where the Moderns certainly get the worst of it. But 
Swift here, as in Gullivefs Travels^ was swimming against the 
stream. However much they might still ornament the libraries 
of gentlemen the classics were for all practical purposes dead. 
They might still be authorities for the composition of Jsonorous 
prose but they had nothing to contribute to philosophy as][the 
eighteenth century understood it. 

Progress was still rather an ideal than an achievement. The 
great transition of the fifteenth, sixteenth, and seventeenth 
centuries had not brought about any revolutionary change in 
the material mode of life. That was still to come. Wealth and 
poverty had bec'ii redistributed. There were far more well-off 
people in England and the I.ow Countries at the end of the 
period than at the beginning, though probably fewer in Italy. 
Wluit was important was that the method of multiplying 
wealth by turning it into capital had now broken through the 
feudal restrictions and the way was open to its indefinite 
extension. Under capitalism in its first phase the new incentive 
of profit was putting a premium on technical advance. The 
financial structure was, however, top heavy and unstable from 
the start. The merchants and gentlemen of the seventeenth 
century, for all their wealth and occasional interest in science, 
were not the men to make use of the new possibilities; but they 


Table 4. —The Scientific Revolution 

{Chapter 7) 

This table attempts to present some of the major features of the birth of modern 
science in their relation to political, economic, and technical developments. The 
time-scale of the period, 1400-1700, is uniform, but the phases corresponding to 
the sections of Chapter 7 are indicated. This brings out the great concentration 
of effort in the last of these phases, 'fhe major critical discoveries and theories, 
such as Copernicus’s vindication of the solar system, Harvey’s circulation of the 
blood, and Newton’s theory of gravitation, are specially indicated. The table has 
been drawn up to bring out the most significant relationsliips. Owing to their 
complexity, however, other relations, such as those between Harvey’s discovery 
and the study of pumps, arc not shown here, though some of these are given in 
Table 8. 
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had cleared the ground for the flourishing of a humbler set of 
manufacturers^ who werc^ thanks to science^ to make use of 
and develop the traditional techniques of civilization out of all 
recognition. 

The intellectual revolution 

It would^ however^ be entirely wrong to consider the driving 
force of science as completely utilitarian. Science still carried 
much of the prestige, political and ethical, of the philosophy of 
the ancient world to which the Renaissance had added so 
greatly. Natural philosophy, as it was called, was a worthy, 
even noble profession and its patrons, in supporting it, were 
adding lustre to the State. The men of the new experimental 
science felt that it was they, rather than the schoolmen, who 
were the true heirs of the Ancients; though in fact the only 
parts of the external world where their methods succeeded were 
those already cultivated by the Greeks. Nevertheless, while the 
mathematics of Greece was one characteristic tool of modern 
scientific method, the whole intellectual moviunent of science 
arose out of the struggle against the philosophy of Greece, 
adapted as it had been in the Middle Ages to the service of a 
now outmoded feudal system. In its early phases the new 
experimental science was necessarily critical and destructive; 
in its later phases it aimed at providing a new basis for a 
philosophy more in tune with the needs of tiie times. 

Science established 

By 1690 science had definitely arrived. It had acquired an 
enormous prestige, at least among the upper ranks of the 
society of the time. It had its organization in the Royal 
Society and the Academic Royale des Sciences, which were 
closely linked by personal ties with the ruling powers -with 
Parliament and the great Whig houses in England, with the 
Royal Court in France. It was spreading to other countries. 
A coherent discipline of experiment and calculation had been 
evolved, a coherent method by which any kind of problem 
could sooner or later be tackled. The foundations of science 
might later be underpinned and altered, but the edifice raised 
on them was stable, and, even more important, the general 
method for raising it was now known and was never likely to 
be forgotten again. 

However, the very success of the early scientific method had 
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elements of danger in it. The method itself incorporated much 
of older ideas which inevitably coloured the thoughts of the 
first scientists, and enshrined them, as well as the new concep¬ 
tions derived from experiment, in the new philosophy of science. 
It is this unconscious relic of the past that is now appearing in 
much of the idealistic scientific theories of today; and it may 
well be that the task of twentieth-century science will be to 
break up the system of Newton just as the seventeenth century 
brok(‘ up that of Aristotle. 
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Part V 

SCIENCE AND INDUSTRY 


INTRODUCTION 


Capitalism and science 

T he eighteenth and nineteenth centuries were the great 
formative centuries of the modern world, centuries that 
appeared to those who lived in them as representing a 
liberating phase of human development in which man had 
at last found the true way to prosperity and unlimited progress. 
To us, with the experience of the disturbances and changes of 
the twentieth century, they appear as centuries of preparation, 
centuries in which great things were done at the expense of 
much human suffering to produce a grandiose but unstable 
culture. They cover the period of the establishment of science 
as an indispensable feature of a new industrial civilization. 
The new methods of experimental science elaborated in the 
seventeenth-century revolution were to be extended over the 
whole range of human experience and at the same time their 
applications were to keep pace with and infuse the great trans¬ 
formation of the means of production which we call the 
Industrial Revolution, 

The Industrial Revolution was not mainly, and certainly 
not in its first phases, a product of scientific advance, though 
certain contributions of science, notably the steam-engine, were 
to be essential ingredients in its success. Nevertheless the 
whole movement was far more closely identified with the 
growth and inner transformation of the economic system of 
capitalism^ from the phase dominated by merchants and small 
manufacturers to one dominated by financiers and heavy 
industry. 

It is no accident that the intellectual formulations of science, 
the technical changes of industry, and the economic and 
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political domination of capitalism should grow and flourish 
together at the same times and in the same places. The rela¬ 
tions between them are, however, by no means easy to unravel. 
Techniques, economic forms, and scientific knowledge were all 
growing and changing rapidly in the period; sometimes one 
seems to take the lead, sometimes another. It will be our 
task in this section in particular to try to disentangle the 
contributions of science to technical and economic trans¬ 
formations as well as to trace the effect of these transformations 
on the growth and character of science itself. This, however, 
can become apparent only after a more detailed study of par¬ 
ticular aspects of interrelation, and conclusions can be discussed 
only at the end of the section. 

At the outset, however, it is necessary to give a broad 
description of the social and economic changes of the period 
so that those of science can be seen in adequate perspective. 
Already by the end of the seventeenth century the stage was 
set for the further advance of the new—capitalist-mode of 
production. In what was still but a small corner of Europe, 
almost limited to England, the Low Countries, and northern 
France, the urban middle class had broken away to a greater 
or lesser degree from feudal limitations; they could finance 
production for profit with an ever-increasing market for their 
products all over the world which the new navigation had 
opened to them. Production was still handicraft and domestic, 
but merchants and capitalist manufacturers were coming to 
control it more and more, and both craftsmen and peasants 
were being depressed to the status of wage labourers. 

With the combination of an expanding market, growing 
freedom from manufacturing restrictions, due to a break-up 
of urban guilds, and a field of investment in profitable enter¬ 
prise, there was a premium on technical innovations such as 
textile machinery, and also on revolutionary scientific inven¬ 
tions such as the steam-engine, which could cut costs and 
expand production and profits. Better organization of labour, 
the division and specialization of tasks, the factory system, and 
ultimately power-driven machinery, were all means to this 
end, and all drew from it the social drive necessary to break 
down the older-established systems of production. Once this 
process started in the latter part of the eighteenth century it 
tended to grow and spread to other fields by its own success 
based firmly on the new capital it generated. By the mid- 
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nineteenth century the domination of capitalism over the whole 
world was unquestioned, but that very fact did more than put 
a limit to its expansion. It made evident a fundamental 
instability from which it could not escape. By its very nature 
production for profit could never allow a sufficient share of 
goods or opportunities for the vast new population of wage 
labourers that it had brought into existence to provide for a 
continuous prosperity (p. 795). Booms were followed by 
slumps of increasing severity and the competition for limited 
markets provoked international rivalries. The open break¬ 
down of the system was, however, not to begin till the twentieth 
century. For most of the period we are discussing here, the 
progress of science occurred against a background of an 
expanding industrial capitalism which tended to make more 
and more calls on it. 

Technique and science 

Though in their first stages changes of technique in response 
to economic needs could and did take place without any inter¬ 
vention of science, it often happened that the mere following 
of existing trends led to unforeseen difficulties which could be 
removed only by invoking science. For example, a natural 
source of supply such as a vegetable dye might run short, due 
merely to an increased production of cloth, thus creating a 
demand for an artificial substitute that could be found only 
through the help of science (p. 458). Or to take another 
example, the transition from home to large-scale brewing might 
in itself provoke disastrous failures which could be prevented 
by an appeal to science (p. 471). 

This ancillary, almost medical, role of science in industry 
was, towards the end of the nineteenth century, replaced by a 
more positive one. Ideas originating in the body of science 
itself were developed to form new industries. The first tind 
most important of these was the steam-engine—the philosophical 
engine of the early eighteenth century; but once its general 
principles became familiar its manufacture and use were ab¬ 
sorbed into practical engineering. It is only at the end of the 
nineteenth century that industries that started and remained 
scientific, such as the chemical and electrical industries, began 
to take form, and their full development was not seen till the 
twentieth century. 

Despite the contribution of the steam-engine it cannot be 
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claimed that science was a major factor in effecting the decisive 
change from hand to machine production that took place in the 
last quarter of the eighteenth century. This new method of 
production proved to be, on the other hand, a great forcing 
house for scientific knowledge. In the nineteenth century 
the situation began to alter. Science came to be a major 
agent for effecting technical developments. Its full integration 
into the productive mechanism had to wait till the twentieth 
century. 

The relation of science to the history of the period is, however, 
by no means confined to its role in the productive process. The 
new form of society based on money exchange was taking form, 
with its emphasis on liberty and individual enterprise in con¬ 
trast to the fixed status and social responsibility of the Middle 
Ages. This society, limited by class and by country as its 
benefits were, required a new set of ideas to express and justify 
itself. It found them, to a large extent, in the methods and 
results of th(‘ new sciences, while they in their turn were pro¬ 
foundly, though unconsciously, influenced in the formulation 
of their theories by prevailing social beliefs. 

In order to follow these interactions concretely over a period 
so rich and complex, without losing sight of the unity and con¬ 
tinuity of the historic process, the best method I have been able 
to find is to operate here a double system of division by period 
and by subject, providing a kind of cross classification. These 
two divisions will be found successively in Chapters 8 and 9, 
followed by a general conclusion. 

The division by sub-periods is, in Chapter 8, a particularly 
difficult one, partly because the wealth of information available 
prompts minute subdivision, but even more because of the 
impossibility of finding divisions applicable at the same time to 
political, economic, technical, and scientific history. Poli¬ 
tically, for instance, the great divide is most evidently that of 
the French Revolution and the Napoleonic wars; these, how¬ 
ever, provoked no loss of continuity but rather a general en¬ 
hancement of scientific activity. The decade 1760- 70 is, on 
the other hand, a turning point in technical and scientific history 
(p. 391), but is not so noticeable in the political sphere. Some¬ 
times the divisions nearly coincide, as in 1831, when reform in 
politics and science come together—by no means accidentally, 
as they were advocated by the same men and supported by the 
same popular movements (p. 391). 
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My final choice has been to divide the whole period into four 
major phases. First comes the transitional or latent phase 
(8.i) leading up to the Industrial Revolution, that is from 
1690 to 1760. The second phase (8.2-8.4) includes the whole 
movement of the French Revolution, from 1760 to 1830. This 
phase is as revolutionary in technique and in science as in 
politics, covering as it does the major advances of the Industrial 
Revolution and the Pneumatic or Chemical Revolution, second 
only in importance to the Mathematical-Mechanical Revolution 
of the seventeenth century. 

The third phase (8.5“8.6) is the mid-nineteenth century, 
from 1830 to 1870, what has been called the heyday of capital¬ 
ism. Finally the fourth phase (8.7 8.8) is a very short one, 
from 1870 to 1895, which in the outer world marked the be¬ 
ginning of modern imperialism and in science the transitional 
period before the great twentieth-century revolution. 

The second and third of these phases include two notable 
periods of advance and triumph of science. The first was, 
after the heroic age of the seventeenth century, rather a scienti¬ 
fic backwater, a taking breath and preparing for the advance 
that was to come. And, in a different way, so was the fourth 
phase, though in both cases those working at the time felt they 
were completing a grand edifice: in one case the edifice of 
Newtonian physics, in the other the great physical synthesis of 
Faraday and Maxwell, and the great biological syntheses of 
Darwin and Pasteur. 

Even with such a division of the period the general surveys 
of science in its historic setting, such as have been given in 
earlier chapters, will no longer suffice to provide an adequate 
picture of its now increasingly separate disciplines. For this 
purpose an attempt is made in the succeeding chapter (9) to 
follow out the development of five of the major lines of technical 
and scientific advance over the whole period of the eighteenth 
and nineteenth centuries. Those selected are: 9.1, Heat and 
Energy, including the history of the steam-engine; 9.2, 
Engineering and Metallurgy, with particular reference to iron 
and steel; 9.3, Electricity and Magnetism; 9.4, Chemistry; 
and 9.5, Biology. 

In each section the aim is to bring out the inner coherence 
and continuous tradition of the field of activity, to illustrate 
the interplay of economic, technical, and scientific factors, and 
to bring out the interrelations of different sciences and tech- 
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niques. Only after both time and subject divisions have been 
completed will an attempt be made to combine the two 
approaches and to try to draw from them general conclusions 
about the position and influence of science in this decisive 
period of social and scientific transformation. 
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Chapter 8 

ANTECEDENTS AND CONSEQUENCES 
OF THE INDUSTRIAL REVOLUTION 

8 , 1 —THE EARLY EIGHTEENTH-CENTURY PAUSE 

(1690-“ 1760) 

T he oiiginal impetus that had created science in the 
Renaissance and carried it through the great outburst 
of the mid-seventeenth century seemed to hilter and die 
away towards its end. Within a few years of the publication 
of Newton’s Principia in 1687, indeed even before it was written, 
there was a perceptible slackening of scientific effort and dying 
away of curiosity. This dip in the curve of scientific progress 
was a general phenomenon and not merely confined to Eng¬ 
land, though naturally, because science had been so highly 
developed there in the early days of the Royal Society, it was 
most clearly to be seen there. 

To some extent this pause might be ascribed to reasons 
internal to the scientific world. The prestige of Newton had 
turned science in a direction that was to be sterile for many 
years because of the very finished character of Newton’s own 
work and the distance by which he surpassed his contemporaries. 
To a far larger extent, however, the slackening of scientific 
advance in England, and to a lesser degree in the rest of the 
learned world, was due to social and economic factors. The 
class that had started the seventeenth-century scientific drive, 
the gentlemen merchants who were then concerned with using 
new methods based on science in navigation, trade, and manu¬ 
facture, had been succeeded by a new generation, wealthier, 
less enterprising and curious, and much more complacent. 
These, the first Whig aristocracy, found the most secure invest¬ 
ment in land and an outlet for their speculative interest in 
such glorious gambles as the South Sea Bubble. The class 
that was to replace them in power, the rising but still small 
manufacturers who were later to create the Industrial Revolu¬ 
tion, had not yet become conscious of the possibilities or even 
of the existence of science. They were occupying themselves 
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throughout the early part of the eighteenth century with de¬ 
veloping and using improved technical methods, still for the most 
part hand operated, which served for a while to cope with the 
ever-increasing demands for cloth and manufactured articles. 

These changes reflected themselves in the Olympus of 
science, the Royal Society; the impetus to serve trade withered 
away and the Society itself fell on some very lean days. Conrad 
von Uffcnbach, who visited the Royal Society at Gresham 
College in 1710, writes of its collection of instruments as 

not only in no sort of order or tidiness but covered with 
dust, filth and coal smoke, and many of them broken and 
utterly ruined. 

He continued: 

If one inquires after anything the operator who shows 
strangers around will usually say “ A rogue had it stolen 
away,” or he will show you pieces of it, saying “ it is cor¬ 
rupted or broken”; and such is the care they take of 
things.” 

The society was in serious financial difficulties and an inquiry 
of 1740 showed that a large number of fellows had ceased to 
pay their subscriptions.^-^^^ 

Meanwhile, however, though science somewhat languished, 
technical change had not ceased, and if the advance in the 
early eighteenth century seems slow' it is only in relation to the 
vast changes that were effected in a few decades by the Indus¬ 
trial Revolution. Some of these lines of change which were 
well under way in Britain during the early part of the century 
were to be of the utmost importance for the future both of 
industry and science. 

One of these was the rapid improvement in agricultural prac¬ 
tices. These improvements, adapted from those of the Dutch 
in the seventeenth century (p. 283), spread rapidly in Britain, 
and helped to make commercial farming pay. They were 
made possible on the one hand by the availability of capital, 
originally from mercantile sources, to invest in land, and on the 
other by the rapid growth of towns, in the first place of London, 
that provided a reliable market for corn, meat, and vegetables. 
Technically an advance, they were socially unjust and cruel, 
involving the ejection by Enclosure Acts of a peasantry with 
traditional but poor title to the land and with even poorer 
means of cultivating it.^-®^ 
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Another change of vital importance was the rapid expansion 
of a new heavy industry, based on coal, with improved mining 
and transportation methods, and of radically new methods of 
making iron and steel. Here one scientific development, the 
steam-engine, originally used for draining mines (p. 4H)> 
of key importance, as was the technical development of making 
iron with coke from “ pit” coal, instead of using the immemorial 
wood charcoal (p. 283), and which was first eifiTected in an incon¬ 
spicuous way by the (Quaker Abraham Darby in 1709. These 
developments were, however, limited to what were the minor 
fields of industry, and did not amount in themselves to an in¬ 
dustrial revolution, though they were its necessary precursors. 

This phase marks the actual point of no return between the 
age-old country-based economy to one based on the coalfields; 
from an economy of food to an economy of power. In Patrick 
Geddes’ terms it was passing from the era of eotechnics to that of 
paleotechnics.^'^^ This, however, is true only of the very growing 
points of the new technique, on and near the coalfields them¬ 
selves. The radical changes were largely confined to Britain, 
though in the iron-making countries there was an independent 
development of machinery, as in the rolling and slitting mills 
of Polhammer (i66i“i75i) in Sweden and the 

use of a steam-engine for iron working by Polzunov (1758) in 
the Urals.®- 

The shift to a coal-based economy was not only to alter the 
balance between northern and southern England but also to 
be a major factor in the meteoric rise of Scotland as an industrial 
and intellectual power of the first rank.®-^ Scotland, despite 
the antiquity of its traditions and the Calvinist movement of 
the sixteenth century, had not kept pace with the rapid de¬ 
velopment of England in the seventeenth. The resources for 
the early Industrial Revolution were lacking. The position 
was very different once the advantages of coal were realized. 
The very poverty of the country, combined with the high 
literacy and puritan traditions, meant that once the idea of 
improvement was accepted it would not be held back, as it had 
been in England, by complacency and ignorance. 

Moreover, also due to Calvinism, Scotland had established 
an intellectual link with Holland, particularly with the univer¬ 
sity of Leyden, ensuring a steady flow of well-trained men, 
especially in medicine, which included chemistry. The great 
Boerhaave (1668-1738), a follower of van Helmont and 
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teacher of half the chemists of Europe, had a particular 
influence on Scotland, where his pupils took the leading part in 
introducing science to the universities. The universities of 
Scotland, in the eighteenth century, were indeed most unlike 
their English sisters; they became active centres of scientific 
advance which sought in every way to link practice to 
theory (p. 373). 

While Scotland and England were rapidly approaching the 
Industrial Revolution, the developments of even such an 
advanced country as France still continued along the old lines. 
There was a steady growth of handicraft industry of very high 
quality with considerable division of labour and an output 
greater than that of England, but there was no attempt to use 
large-scale machinery except for such purposes as royal water¬ 
works. 

Fashionable science in France: the Philosophes 

Nevertheless, the same period in France saw a sudden rise 
of activity in science, though this rise was of a very different 
kind from that in England. It was essentially an expression of 
interest, on the one hand, of part of the rather bored aristo¬ 
cracy, not, as in England, occupied practically with its estates, 
but cooped up in court circles; and on the other, of a mode of 
expression of dissatisfaction with affairs on the part of a rising 
middle class, headed in France by the administrative and legal 
professions. Science was fashionable and revolutionary at the 
same time. It is symptomatic that the man who introduced 
Newtonian philosophy into France was none other than 
Voltaire (1694-1778). 

Much of the effort of the amateurs of science—natural 
philosophers or philosophes —was spent on criticism of existing 
institutions which were felt to be cramping the economic and 
political development of the country. There was, however, an 
increasing interest in industry but, unlike in England, it came 
from above on the seventeenth-century pattern. Reaumur 
(1683-1757), for example, a man of great intelligence and wide 
interests, carried out from 1710 to 1720 a long industrial 
research on steel-making (p. 429). Because, however, they 
met with no response in a tradition-ridden industry, the results 
of his discoveries did not create a steel industry in France and 
their advantages were only reaped by English steel-makers 
more than a hundred years later. 
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The spread of science in Europe: Prussia, Sweden, Russia 
It was also in this period that interest in science spread far 
more widely than to the group of countries of France, England, 
and Holland which had monopolized it in the seventeenth 
century. Academies on the English and French models were 
being set up in various kingdoms of Germany and Austria 
through the efforts of Leibniz, the universal philosopher; and 
later under the patronage of the eccentric, scientific, and poetical 
king of Prussia, Frederick the Great. By the middle of the 
century no court could be called complete without its Academy 
of Arts and Sciences in which academicians, usually rather 
irregularly paid, had to compete for princely favour by produc¬ 
ing laudatory odes or amusing experiments. 

The northern countries of Sweden and Russia also marked 
their new military and economic importance by the setting up 
of academies. These were, however, to have from the outset a 
different function from the polite societies of the other European 
countries. They were concerned largely with the scientific 
study of the great raw material resources of wood, tar, and 
flax, of iron and other minerals, all so much needed on account 
of the rapid increase in sea-borne trade that those countries were 
just beginning to exploit. Peter the Great introduced science 
as one aspect of his design to create an economically and mili¬ 
tarily independent Russia.®*®^ Though at first he had to staff 
it with foreigners, mostly Germans and French, but including 
a prince of mathematicians, the Swiss Euler (1707-83), he 
aimed at building up a truly national body of science. Success 
was not to come till after his reign with the life-work of that 
intellectual giant of the eighteenth century, Michael Lomono¬ 
sov (1711-65), poet, technician, and physicist, the first of a 
succession of great Russian men of science (p. 448).®*^''*’ 

The establishment of science: the influence of Mewton 
It is not surprising, in view of these social and cultural 
changes, that the trends in science throughout most of the 
eighteenth century should be different from those of the 
seventeenth. In a more gentlemanly age the accent on the 
useful was not so stressed, though it was never absent, as 
Reaumur’s and Hales’ research show (p. 448), and it was to be¬ 
come more prominent than ever towards the end of the century. 
At the beginning, the entertaining and instructive side of 
science came more into prominence. There were no more 
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battles with the Churches, which, Protestant and Catholic alike, 
had lapsed into a tolerant indifference. In any case science had 
arrived; it was an institution, it had accjuired its own internal 
tradition. 

Thanks to Newton, mathematical astronomy was well 
established as the senior branch of science and it was steadily 
followed up throughout the century, more successfully in 
France than in its native England, where the great man’s 
prestige was more paralysing. Nothing, in fact, of physical 
significance was added to the Newtonian theory, but the 
mechanical principles were generalized and were combined 
with a new mathematics due largely to Leibniz. This combina¬ 
tion was to prove an instrument for solving the more intricate 
problems that arose later in the branches of physics, particularly 
from the study of electricity and of heat, llic great generaliza¬ 
tions of mechanics of Euler, d’Alembert, Maupertius, Lagrange, 
and Laplace were to be the basis of the mathematical-physical 
revolution of the twentieth century. 

New interests: electricity and botany 

Though these studies carried the full prestige of science, the 
immediately significant advances lay not in deepening but in 
widening its field of interest. The major contributions which 
were made to science in the early and middle eighteenth century 
were in the fields of electricity and botany^ one an entirely new 
addition to science, the other a revival and a new formulation of 
almost the oldest of the sciences. Both, in their first stages, 
showed a definite trend away from the mechanical and mathe¬ 
matical bent of the seventeenth century into fields of greater 
variety and less rigour (pp. 431 f., 462 f.). 

The study of electricity started as rather a pleasant and 
useless pastime and provided a scries of new, exciting, and 
spectacular experiments. It was Franklin who, by his inven¬ 
tion of the lightning conductor, literally brought electricity down 
to earth and forecast its future importance. Botany escaped 
in the eighteenth century from the care of the herb garden 
from which the doctors of medicine prepared their physic and, 
under the inspiration of Linnaeus, spread everywhere into the 
wilderness, reinforcing the social tendencies of a bored aristo¬ 
cracy and a thwarted bourgeoisie to return to Nature. 

With botany came a renewed interest in collections of all 
kinds—coins, minerals, fossils—very suitable for noblemen’s 
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cabinets, later to blossom forth as new museums. The curators 
came to form a new group of scientists, ranging from wealthy 
and eminent Sir Hans Sloane (1660-1753) whose magnificent 
collections were the nucleus of the British Museum,®*^® to the 
light-fingered Raspe (1737-94), who has the double distinction 
of being expelled from the Royal Society and writing Baron 
Munchausen’s tales."'* 

The new order in philosophy 

The early eighteenth century was predominantly a time for 
the digestion of and reflection on the enormous scientific ad¬ 
vance of the seventeenth. The philosophers of the seventeenth 
century had the task of proving that an alternative existed to 
the classical-religious world-picture of the Middle Ages, and 
found it in the prophetic works of Bacon and Descartes, acclaim¬ 
ing the triumph of the new science. Those of the eighteenth 
century, on the other hand, could take the scientific 
world-picture which Newton had given them for granted. 
Their task was to extend it and to reconcile its findings, 
and still more its attitude of mind, with the new political and 
economic pattern that was beginning to appear in their own 
time. 

At first they preached an attitude of acceptance to a new and 
rational order. Locke, himself a scientist and doctor, leaving 
little space for the supernatural, applauded the rule of law— 
the scientific law of Newton and the civil law established by the 
constitutional revolution of 1688. Leibniz, for all his mathe¬ 
matical and philosophic gifts and his pleas for European peace, 
was essentially a medieval thinker. He propounded the doctrine 
of “ pre-existing order ” little different from the Providence of 
the churchmen, and he applauded the fact that “ everything 
was for the best in the best of all possible worlds.” 

Nevertheless, this world would not stay still. The succeed¬ 
ing philosophers felt there was something wrong with this 
complacent picture. The idealist Irishman, Berkeley, in the 
interests of established religion, denied the reality of the world 
and of science except in the eye of God. This produced little 
effect in his time but was to become a basis of reaction in the 
twentieth century. The sceptic Hume was much more success¬ 
ful in proving that we could know nothing with certainty, in¬ 
cluding particularly the dogmas of religion. The cynic Vol¬ 
taire went further and led the attack on the Church itself in 
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the name of reason and benevolence. As the century wore on 
philosophy was tending to occupy itself more and more with 
social and economic reform and to pave the way for the French 
Revolution (pp. 725 f.). 

^.2—SCIENCE AND THE REVOLUTIONS {1760-1830) 

The second phase of our period covers seventy years as 
decisive in science as they were in politics. Comparable to 
the seventeenth century in its scientific importance, it far 
exceeded it in its immediate and in its practical consequences. 
It includes the Industrial Revolution in Britain and the political 
revolutions in America and France. The revolutionary wars 
in effect divide it in two, though they do not cut the continuity 
of science and technique. The first forty years, 1760-1800, 
witnessed all these events and also the onset and consummation 
of another revolution in science, the pneumatic revolution, 
which, linked with the discovery of the production of the 
electric current, was virtually to create a new and rational 
chemistry. The second part of the phase, from 1800 to 1830, 
though not so fruitful in new scientific or political ideas, re¬ 
mained one of immense vigour and expansion in all fields of 
practical human activity. 

The connection between these different aspects of social 
change cannot have been a chance one. Indeed, the more 
closely they are examined the more intricate appear the threads 
knitting science, technique, economics, and politics together 
at this time into one pattern of transformation of culture. The 
period is a crucial one for the development of humanity. It 
was then and only then that the decisive turn was taken in 
man’s mastery of Nature in the double substitution of multiple 
mechanisms for the human hand and of steam-power for the 
weaker forces of man and animal and the inconstant and local¬ 
ized forces of wind and water. The two basic transformations 
of the sixteenth and seventeenth centuries which made those of 
the eighteenth possible were the birth of experimental quantita¬ 
tive science and of the capitalist methods of production. At 
the time when they occurred they still remained largely separ- 
ate.^*®4 Xhe major practical use of and stimulus to science had 
been in the field of navigation, an indispensable adjunct to 
trade but only indirectly connected with production. Very 
little of immediate practical use came of the great and deliberate 
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effort of the scientists of the seventeenth century, newly banded 
in their Societies and Academies, to improve manufactures or 
agriculture (pp. 3131!.). By contrast the later eighteenth cen¬ 
tury was to see the coming together of the scientific and the 
capitalist innovations, and their interaction was to set loose 
forces which were later to transform capitalism and science and 
with them the lives of all the peoples of the world. 

Although there is ample material and even adequate analysis 
of the political, the economic, the technical, and the scientific 
transformations of the eighteenth century, these studies have 
remained largely separate and the combined analysis of them 
has yet to be written. It would be impossible to embark on it 
here; the best that can be done is to attempt to put the scientific 
development in its place against the economic and political 
background and to trace how far it was affected by, and 
itself in turn affected, the other aspects of contemporary 
society. 

The Industrial Revolution 

The “ Industrial Revolution ” is the name that Engels was 
apparently the first to give it as far back as 1844,'^*^^ though it 
was later sanctified by Ibynbee.®*^^ Nothing less than the 
term revolution can be used for the change of productivity in 
those fields of manufacture in which it first arose. The out¬ 
put of cotton goods rose five-fold between 1766 and 1787.^*^^'' 
The consequent effects on trade, agriculture, and population 
were as definite and almost as rapid. Wherever its influence 
touched a new country, this was marked by a sharp upward 
break of earlier production trends. 

The Industrial Revolution was closely limited in its place of 
origin; nearly all its major developments occurred in central 
and northern Britain and mostly in the near neighbourhoods of 
Birmingham, Manchester, Leeds, Newcastle, and Glasgow. 
Though the event itself has all the characters of an explosive 
process set off by a particular combination of circumstances 
that determined the place and time of its occurrence, it remains 
the final phase of a sustained increase in production over the 
preceding seventy years or more. Economically this seems to 
have been determined by the steady growth of a market for 
manufactured products, mainly textiles, itself largely a conse¬ 
quence of the extended navigations and colonial developments 
of the seventeenth century. 
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Coal and iron 

The combination of economic and political preconditions for 
a radical change in production specially favoured Britain. It 
was there rather than in France that manufacture could develop 
freely to meet the demand, for both feudal and royal restrictions 
had been swept away by the revolutions of the seventeenth 
century. The other peculiar advantage of Britain was, para¬ 
doxically, the shortage of wood, the basic fuel as well as the 
basic structural material of all previous civilization. It was 
this that had forced the development of the use of the inferior, 
but far cheaper, coal for fuel and later of the more expensive 
but far better material cast iron for structures (p. 283). Their 
production rapidly increased in the later eighteenth century 
and both engines and mining and metallurgical methods were 
vastly improved, thanks in part to a new impetus from science 
marked by such men as Roebuck, Black, Smeaton, and Watt 
(p. 417). So also were methods of transport, particularly canals. 

The mechanization of the textile industry 

The Industrial Revolution itself did not find its origin in 
developments in heavy industry and transport; it came and 
could come only from developments within the major industry 
of the country, and indeed of all countries up to that time : the 
textile industry. As both the internal and foreign demand for 
cloth increased, the old merchant and guild-bound industry 
of southern England could not expand rapidly enough and low 
wages and freedom from restrictions drew it northwards. 
There, first in Yorkshire and then in Lancashire, it found 
added advantages in water-power for processes such as fulling, 
and coal to help with the washing and dyeing. By 1750 the 
industry came to deal with a new fibre, cotton. Cotton cloth 
had been imported from India. When this was prohibited at 
the instance of the clothiers there was a great urge to make it 
at home. Raw cotton could be grown in the new American 
plantations. But cotton called for new techniques and was not 
bound by the old traditions of wool. It was first worked up in 
the poor district of Lancashire, eminently suitable on account 
of its damp climate. There, the demand for yarn soon outran 
the capacity of the old hand-spinning. 

There had been isolated attempts at the use of machinery in the 
textile trade, and even of power-driven machinery, such as that 
of the stocking frame and of Lombe’s silk mill in 1719 (Fig. 11). 
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They had succeeded but not spread, as they had only a limited 
market to supply. Here, at last, in the cotton industry, was 
unlimited scope to substitute machinery for hand work. The 
great inventions, Hargreaves’ spinning jenny of 1764, Ark¬ 
wright’s water-frame of 1769, and Crompton’s mule of 1779, 
made the first real breach in the old hand techniques, first by 
multiplying the action of the hand and then by the use of power 
in the primary process of spinning.®*The relatively 
enormous output of these machines led to their extension on 
such a scale as to stretch the capacity of the small streams that 
drove the mills, and in 1785 the last logical step was taken when 
AVatt’s steam-engine was adapted to drive them. 

Industrial capitalism 

The textile revolution, which was later to spread to the weav¬ 
ing side with Cartwright’s power loom of 1785, and to include 
^vool and linen as well as cotton, was by no means only a 
technical one. It was made possible only by the social and 
economic changes of the early eighteenth century and was itself 
to give rise to the even greater changes of the nineteenth. To 
enable the revolution in production to begin, a priming of both 
capital and labour was required, for each of these in their 
modern form had come into existence in this period. Capital 
was derived in the first place from the great merchant profits of 
the preceding century, which had begun to skim the resources 
of the newly-discovered lands in mines and plantations, both 
worked by slaves, or from the almost undisguised loot of 
India.^*® Labour had to be liberated from the land through 
the enclosures and, as it was no longer cramped by the guild 
restrictions of the medieval towns, it had to work long hours for 
low pay in the mills. At first there was not much of it, hence 
the incentive to labour-saving machinery, particularly such as 
could be worked by the unskilled, especially women and 
children.®*^^^* Later, with more drastic enclosures and with 
the importation of poor Irish, there was labour enough and to 
spare, and the rush of radically new inventions was replaced by 
an enormous extension of those already in existence, improved 
but not transformed. 

Concentration of industry 

The market for textiles determined the outbreak of the 
Industrial Revolution in the particularly favourable circum- 
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stances which then obtained only in Britain. At one remove 
the market for textile machinery and textile processing stimu¬ 
lated the iron and chemical industries, while all of these called 
for an ever-increasing supply of the universal provider, coal, 
which in turn provoked new departures in mining and transport. 
By the mid-century, thanks to Darby’s invention, cast iron was 
available in quantity. The shortage was now in wrought iron, 
and here the need was met for the time being by Cort’s method 
of puddling introduced in 1784. The scientific and technical 
aspects of these changes will be discussed later (p. 429), but here 
it is essential to point out again that they ended the age-old 
dependence on wood as a raw material and brought the iron 
industry back from the forests to the coalfields, where so much 
other industry was already concentrated (p. 284). 

Concentration, indeed, was a prime feature of the Industrial 
Revolution. Feudal domestic industry, and even urban guild 
production, was necessarily scattered over many counties. The 
new mechanical industry hugged the coalfields from the very 
start. The new industrial towns—Manchester, Birmingham, 
Newcastle, and Glasgow—accounted between them for nearly 
all the new products. These great and growing manufactur¬ 
ing towns, however, exerted their influence far and wide, on 
one side by their products, the cheapness of which destroyed 
domestic industry wherever they reached, on the other by their 
need for hands and for food.^-^'’ 

The agricultural revolution 

It was this demand that encouraged the new cash-crop agri¬ 
culture of the landlords and farmers, who were replacing the 
peasants and their subsistence agriculture over most of England. 
The agricultural revolution was a mixture of empirical breeding 
and crop rotation and mechanization with the beginnings of 
drill ploughs, horse harrows, etc.^-^^^-^*^^ It had been prepared 
by a few enterprising improvers in the early eighteenth century, 
drawing on Dutch experience, but did not get under way until 
industry had created a new market for corn and meat and had, 
as well, provided first the tools and then the power to carry it 
out. In itself it marks as radical a change in human affairs as 
the Industrial Revolution. As it advanced, less and less labour 
was needed on the farm to produce food, which reinforced the 
tendency to draw the bulk of the population into the cities. 
Beginning in England, mechanized agriculture was soon to 

369 



ANTECEDENTS AND CONSEQ^UENCES OF 

spread to the newly opened lands of America and then, many 
decades later, to the more populous agricultural parts of Europe, 

Interest in agriculture was not limited to temperate zones. 
The search for tropical products and possible colonics led to 
further voyages of discovery. These were no longer the semi- 
piratical ventures of the seventeenth century, like those of 
Dampier, but properly equipped scientific expeditions in which 
many nations engaged in polite rivalry. Cook (1728 79), 
Bougainville (1729-1811), and La Perouse (1741-88) are the 
most noted examples. Even the ill-fated voyage of the Bounty 
in 1789 was undertaken with the object of introducing bread¬ 
fruit trees from the South Seas into the West Indies. 

The creators of the Industrial Revolution 

The Industrial Revolution itself did not, in its first stages, 
depend on any contribution from science; its architects were 
artisan inventors whose success was made possible by excep¬ 
tionally favourable economic circumstances. The central 
developments of textiles did, in fact, occur without the applica¬ 
tion of any radically new scientific principle. Their real 
importance was that they marked the emergence of a new social 
factor in action. The workman with his small accumulated 
or borrowed capital was here, for the first time, establishing his 
claim to change and direct the processes of production, in “ the 
truly revolutionary way,” as Marx called as against the 

mere domination by a merchant of the production of small 
artisans through the putting-out system. 

Steam-power 

Nevertheless, in default of the steam-engine and the virtually 
unlimited power it provided, the Revolution might have gone 
no further than speeding up textile manufacture in well- 
watered districts such as Lancashire and the West Riding of 
Yorkshire, and have achieved little more than had the analogous 
technical achievements of China many centuries before. It 
was the use of the steam-engine for power in the textile industry 
that joined together the two originally separate strands of heavy 
and light industry and created that modern industrial complex 
that was to spread from its origin in Britain all over the world. 
Now the steam-engine, as will be shown later (pp. 414 f.), is pre¬ 
eminently a conscious application of scientific thought, and to 
that extent science played an essential part in the Revolution. 
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In return the Industrial Revolution itself was to stimulate 
and support a new outburst of scientific activity. This was even 
more closely linked with the problems raised by industry than 
those of the seventeenth century. Not only in England, Scot¬ 
land, and France but, as the century wore on, in Russia, Italy, 
and Germany as well, the movement towards a conscious 
utilization of science “ for the improvement of arts and manu¬ 
factures ” spread among the newly risen bourgeoisie, and was 
even smiled on by a section of the aristocracy and the benevo¬ 
lent despots such as Catherine the Great and Joseph II of 
Austria. But the interest was different from that of the century 
before; it was more solidly related to achievements in produc¬ 
tion and it carried a revolutionary flavour. 

Science in industrial areas : the "" Encyclopedic'' 

It is characteristic that the scientific reviv^al of late eighteenth- 
century Britain should come no longer, as in the seventeenth 
century, from Oxford, Cambridge, and London, but from 
Leeds, Glasgow, Edinburgh, and Manchester, and most of all 
from the new town of Birmingham, which became its most 
celebrated centre (p. 373). In France, where the analogous 
process was more and more obviously held up by an out-of-date 
political and social system, the energy of all advanced minds, 
in despair of any improvement, ultimately turned to getting 
rid of it, an effort which contributed to the French Revolution. 
Its monument is the great Encyclopedic des Arts^ Sciences et Metiers 
published in twenty-eight volumes from 1751 to 1772 thanks 
largely to the labours of Diderot (1713-84) and D’Alembert 
(1717 -83), but in which nearly all the philosophes took part. 
This was the biblc of the new liberalism, uniting free thought 
with science, manufactures, and laisser-faire. 

Benjamin Franklin 

The most eminent prophet and forerunner of the new move¬ 
ment was Benjamin Franklin, of whom, far more truly than of 
Canning, it can be said that “ he brought in the New World 
to redress the balance of the old.” He was born in 1706, 
the son of a poor tallow-chandler in Boston, USA. He was 
apprenticed to a printer and publisher at the age of twelve and 
ran away to Philadelphia at seventeen to set up on his own. 
He was sent on a wild-goose chase to England, where he main¬ 
tained himself as a printer and managed to acquire a thorough 
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knowledge of contemporary science and politics. In 1726 he 
returned to Philadelphia, laid the foundations of electrical 
theory, and invented the lightning conductor, the rocking chair, 
and the iron stove. In 1743 he founded the first American 
Philosophical Society. He became Postmaster-General of the 
colonies and equipped the ill-fated expedition of General 
Braddock against Fort Duquesne (Pittsburgh) in 1755. 

Later he returned to England as agent for Pennsylvania and 
there realized that he had no option but to work for the inde¬ 
pendence of the colonics, which the aristocratic oligarchy of 
Britain could neither appreciate nor govern. He was indeed 
the first to understand the potentialities of the New World and 
to start planning for its future, as his work on the Declaration 
of Independence and the Constitution bear witness. Too old 
to fight in the War of Independence, he rendered his last, and 
in .some ways greatest, service to his country as ambassador to 
France, securing the support which proved decisive in that 
struggle. It was during his stay in Paris and Versailles that he 
exercised the greatest influence on the direction of politics and 
science. Franklin was the Bacon of the eighteenth century; 
but a Bacon with a difference—no longer the wily courtier or 
learned judge appealing to princes to establish science, but the 
man of the people born in a freedom that he was determined 
to preserve and enlarge. He was in the forefront of science in 
the new age. He joined heartily in the designs of the philo- 
sophes and added to them the flavour of democracy and practical 
common sense which they had lacked. 

The dissenting academies and the Lunar Society 
Franklin’s younger contemporaries in Britain carried his 
ideas into practice. Although, as has been explained, the 
Industrial Revolution owed little to science, the men who 
directed its progress were thoroughly imbued with the scientific 
spirit. The value of science, now less appreciated at court or 
in the city, was fully grasped by the generation of northern 
manufacturers and their friends. Further, for the first time 
outside the navigation schools, it began to be taught systemati¬ 
cally. Despite the neglect of the older universities (barred in 
any case to dissenters, as most of the new men were) it found a 
place in the dissenting academies, such as those of Warrington 
and Daventry. Independent foundations, their success was a 
measure of the need felt for science, and during the eighteenth 
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century they provided, next to the Scottish universities (p. 360), 
the best scientific education in the world. 

It was in this period, far more so than later in the nineteenth 
century, that the manufacturers, the scientists, and the new 
professional engineers mixed together in their work and social 
life. They intermarried, entertained lavishly, talked endlessly, 
experimented and associated in new projects. This was the 
age of the “ Lunar Society ” of Birmingham and of the Black 
Country which counted among its members John Wilkinson 
(1728-1808), the ironmaster who lived and dreamed iron and 
was buried in an iron coffin; Wedgwood (1744-1817), the 
potter; Edgeworth, the genial Irishman full of wild and 
noble-minded projects for social improvement; the serio¬ 
comic radical Thomas Day of “ Sandford and Merton”;®*'^® 
the poetic but practical Dr Erasmus Darwin (1731-1802) of 
Lichfield; Joseph Priestley (1733-1804), whose house was to 
be burned in 1791 by the Church-and-King mob on account 
of a dinner—at which he was not present—where toasts 
were drunk to the French Revolution, of whom more later; 
the melancholy, indefatigable Scotsman James Watt (1736- 
1819) with his younger compatriot, Murdock (1754-1839), 
the inventor of coal-gas lighting; and finally, the heart and 
centre of the whole movement, the wealthy, enterprising, 
jovial, and hospitable Matthew Boulton (1728-1809),®-^’^ the 
Birmingham button-maker who became, as the first manu¬ 
facturer of steam-engines, almost literally the prime mover of 
the Industrial Revolution. As he said to the Empress 
Catherine, “ I sell what the whole world wants—power.” 

Closely linked with these by personal ties was the more 
serious group of the Scottish renaissance of the eighteenth 
century: the philosopher Hume (1711-76), who provided a 
link with the philosophes of France; Adam Smith (1723-90) 
with his Wealth of Nations^ the intellectual father of laisserfaire 
capitalism; Dr Black (1728-99), the originator of the pneumatic 
revolution; Dr Hutton (1726-97), the founder of modern 
geological theory.®*^® Others, like Dr Roebuck (1718-94), a 
medical man turned chemical manufacturer and founder of 
the Carron Works, the first deliberately planned iron-works, 
and Dr Small (1734-75), the tutor of Thomas Jefferson, be¬ 
longed equally to England and Scotland. 

Such a combination of science and manufacture was only to 
be found in the Britain of the late eighteenth century. Its 
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existence marks a period of dynamic equilibrium of technics and 
science, a transition between a period in which science had 
more to learn from industry than to give to it and one where 
industry came to be based almost entirely on science. The 
interests of corresponding circles in other countries were neces¬ 
sarily more economic and political, for they lacked the solid 
basis that only the new manufacturers could give. Britain 
appeared to them as a kind of industrial Mecca and indeed 
some of the best accounts of British industry come from in¬ 
telligent foreign visitors, such as Gabriel Jars (1732-69), one 
of the founders of French heavy industry. It is interesting 
to note that when it was decided in 1782 to start modern 
iron-working at Le Creusot, the first large works outside 
Britain, from which not only the French but also the German 
steel ixidustry are derived, it was necessary to take in W. 
Wilkinson, the brother of the ironmaster, to cope with the 
technical sidc.^-^"'' 

Rational chemistry and the pneumatic revolution 

The great new scientific contribution of the period of the 
Industrial Revolution was the foundation of modern, that is to 
say, rational and quantitative chemistry. This was an event 
in the history of science of an importance ranking with the great 
astronomical-mechanical synthesis of a century before. How it 
occurred will be told in the next chapter; for the moment it is 
sufficient to say that it marks the result of the rapid develop¬ 
ment of the chemical industry, largely as an ancillary to the new^ 
large-scale mechanical textile industry, and of the consequent 
interest of scientists in the problems of matter and its trans¬ 
formations. 

The actual clue which made possible a simple explanation of 
the complexities of chemistry was the study of the new gases, 
itself closely linked with the experiments on air and vacuum of 
the previous century and with the development of the steam- 
engine of its own time. Indeed the rise of chemistry may well 
be called the result of this “ pneumatic revolution.” As a 
result of the work of pioneer experimenters such as Black in 
Scotland, Priestley in England, and Scheele in Sweden, the 
logically trained mind of Lavoisier brought order into the chaos 
of old and new facts. Twenty years later Dalton provided an 
explanation in terms of atoms which securely linked chemistry 
into the Newtonian material-mechanical scheme, though an- 
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other hundred years had to pass before the nature of the forces 
between the chemical atoms could be explained. 

The Age of Reason: Joseph Priestley 

The effects of science were not limited to the industrial field. 
Beginning with Franklin, the scientists of the later eighteenth 
century were predominantly, in England as well as in France, 
radical and liberal in their ideas. The most characteristic 
figure of this movement which combined the pursuit of science, 
philanthropy, and radical politics was Joseph Priestley (1733- 
1804). Son of a Yorkshire cloth dresser, he was educated at the 
dissenting academy at Daventry with a view to becoming a 
C'ongrcgationalist minister. He drank avidly the new spirit 
of enlightenment, which did not lead him to infidelity, as it 
would have done in France, but to a rational Christianity of a 
more and more Unitarian kind. I'his did not recommend 
him to the orthodox, but his learning and interests brought him 
in contact with the scientific world and particularly with 
Benjamin Franklin, who inspired him to write a History of 
Electricity, which started him on his scientific career. In 
1767 he became a minister at Leeds, where he carried out his 
experiments on carbon dioxide (p. 449). From then on he 
received the support of manufacturers and some liberal noble¬ 
men. He was, in fact, for the most fruitful period of his life, 
1773-80, provided with a house and laboratory by Lord Shel¬ 
burne. It was there that he made his discovery of oxygen which 
brought him international fame. 

Nevertheless for him these scientific pursuits were subsidiary 
to his main purpose of doctrinal controversy in favour of liberal 
religion. Priestley’s religious views were closely linked with 
his science. Far from wishing, as Descartes had done, to 
separate matter and spirit, reason and faith, he sought a pure 
revelation that would unite them. 'Fhis revelation he sought 
equally in scripture and in Nature as the work of the divinity. 
To his mind the activities revealed by electricity showed matter 
not to be inert and therefore not intrinsically incapable of 
sensation. In one sense his thought reaches back to the hylozo- 
ism of Erigena (p. 214); in the other, forward to the organ- 
ismal philosophy of Whitehead. He regarded as Corruptions 
of Christianity 5.9.loo g^^h beliefs as those in the Trinity, 
the Atonement, predestination, and even the existence of the 
soul. In the eighteenth century such views had a limited 
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appeal. The French were surprised to find a philosopher who 
believed in God; the English found Priestley’s religion difficult 
to distinguish from Atheism. Yet he firmly believed in Chris¬ 
tian morals, which are none other than the well-known duties 
of life, greater piety towards God, greater benevolence to 
man.” It was in this spirit that Priestley supported every form 
of social and cultural improvement, tending in his words to ‘‘ the 
greatest happiness of the greatest number.” 

He never took an active part in politics, but, at a time when 
opinion was hardening against the tendencies of the French 
Revolution, merely to disagree publicly not only with the doc¬ 
trines of the Church of England, as by Law established, but 
also with those of respectable dissenters, was considered tanta¬ 
mount to rebellion if not treason. The gentle and benevolent 
Dr Priestley soon became a radical republican bogy man. The 
climax came in 1791 when a Birmingham mob, in defence of 
Church and King and with the connivance of the authorities, 
burnt down his house near that city, involving the total loss of 
his library and laboratory. Even when safe from violence he 
found himself so shunned by his colleagues for his political views 
that he emigrated to America, where he died in 1804. Events 
seemed to have made his immediate mission a failure, yet 
directly or indirectly his influence was to rise again to inspire 
the liberal and philanthropic movements of the nineteenth 
century (pp. 387, 731 f.). 

Antoine Laurent Lavoisier 

Priestley’s name is indissolubly linked in the history of science 
with that of Lavoisier, for it was on the basis of the Englishman’s 
pioneer researches that the Frenchman erected the revolution¬ 
ary theory that was to make chemistry once and for all a rational 
and quantitative science,^*^^ As a personality Lavoisier 
dominated late eighteenth-century French science. He was 
a very different man from Priestley. Though, for both, science 
was only one, if the main, interest in their lives, there was nothing 
in Lavoisier that corresponded to the vague religious, radical 
philanthropy of Priestley. Instead the concern of Lavoisier was 
with efficient public service and the practical use of science to 
bring the ancien rigime up-to-date. Lavoisier showed himself 
from youth as an extremely competent and confident man. In 
part this was because he was born rich, the last of a family that 
had risen step by step through care and good management 
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Kic’.. 12.-EIGHTEENTH- 
CENTURY TECHNO¬ 
LOGY AND SCIENCE 

(a) Priestley's laboratory. 

Essentially for the pre¬ 
paration and handling of 
gases. Note the domestic 
nature of the apparatus. A 
candle is used for mild heal¬ 
ing, the coal grate for strong 
(P- 449 )- 

(b) Newcomen vacuum 

steam-engine. 

Note the operator who 
has to open and close valves 
at each stroke. Later this 
was replaced by valve gear 

(p- 415)- 
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from postilion to postmaster, to merchant, to notary, to attorney, 
to the Parlement of Paris. Lavoisier himself was to take the final 
step, short of nobility, and buy a place in the Ferme Generate, 
the small and immensely rich corporation that collected taxes 
for the king. He could not foresee that it was to cost him his 
head. 

His scientific education was of the best and included mathe¬ 
matics, astronomy, botany, anatomy, geology, and, most im¬ 
portant of all, chemistry, under Rouclle (1703-70), the genial 
demonstrator of the Jardin du Roi. Here was a young man of 
ample means, an easy master of all available knowledge, with 
an ambition to reduce both science and society to some reason¬ 
able order. He undertook his first scientific effort when in 
1767, at the age of twenty-four, he went on a lour of France to 
draw’ up a geological map and make a survey of its mineral 
resources. Later he was to be occupied with such problems as 
the system of street lighting, experimental farming, and many 
other projects of general improvement as characteristic of the 
eighteenth century in France as in Britain. Most important of 
all was his apointment in 1775 to the Gunpowder Committee 
and his establishment in the Arsenal, wdiere he set up what was 
probably the best laboratory for the time in the world — 
Priestley’s laboratory could be carried on a tray (Fig. 12). 

Of Lavoisier’s scientific work we shall write later (pp. 450 ff.); 
here we are concerned with him as an influence in the utiliza¬ 
tion of science, in which he displayed a mastery that was not 
to be equalled for many years. In everything he did he showed 
the operation of an exceptionally clear, orderly, and dominating 
mind. He was not given to philosophy. Though he opened 
the vast realm of chemistry to the application of physical and 
mathematical principles, it was the actual illumination he 
brought rather than his methods that remained. His prosecu¬ 
tion together with the other Farmers General was not directed 
against him personally, still less against science. He suffered 
for the system with which he had been inevitably and con¬ 
spicuously identified in the movement of a revolution that 
ironically he had done so much to further. 

Priestley and Lavoisier were only two individuals who 
typified the upsurge of hope and progress so closely linked with 
the rapid growth of science and industry. Towards the end of 
the century more and more men, and, for the first time in history, 
women too, began to think of the possibility of a world ruled by 
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reason and equality and not by prejudice and privilege. This 
movement spread widely through Europe and the New World, 
through Italy, Austria, Prussia, Russia, even to Spain. It is 
noticeable, for instance, how at this time science, long dormant 
in Italy, showed a revival of the national genius, as the major 
contributions of Galvani, Volta, and Avogadro show. They 
were influenced not only by doctrines evolved from their own 
experience and aspirations, as in the works of J. J. Rousseau 
(1712 -78), but also by everything that was being learned of the 
ancient and eminently reasonable society of the Chinese, of the 
virtuous society of India, and by the reports brought back by 
the scientific expeditions of the simple and happy life of the 
peoples of the coral islands in the South Seas. Society wisely 
ordered by philosophers and free from the despotism of custom 
became the ideal, and everything pointed to a return to 
Nature (p. 725). It was the era of enlightened despotism, of 
Frederick the Great, Joseph II, and the great Catherine. 
Science was one of its major inspirations. It furnished at the 
same time a new intellectual tool for criticizing the old regime 
and a means for the practical regeneration of mankind through 
the use of mechanically transformed industry. It was to 
liberate an enormous scientific and technical outburst which, in 
its intensity and its consciousness as well as its high level, pro¬ 
duced a greater effect on society than anything that the world 
had seen before. 

8.3 THE FliEM:iI REVOLUTION AND ITS EFFECT 

ON SCIENCE 

The French scientists of the last days of the monarchy were 
deeply imbued with the improving spirit of the philosophes — 
the new regime gave them their chance. In the general sweep¬ 
ing away of feudal vestiges and in the exaltation of reason the 
new science played a leading role. All the revolutionary govern¬ 
ments formally recognized its importance, gave much to 
science and expected as much from it. Some scientists, like 
Mongc (1746-1818) and Lazare Carnot (1753-1823), were 
ardent republicans and immediately took charge of economic 
and even military administration. Others, like Bailly (1736- 
1793), Condorcet (1743 -94), and the great Lavoisier, though 
at first they co-operated fully, could not live down their 
association with the old regime and were victims of the popular 
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reaction to the invasion of France. The majority occupied 
themselves with the reform of the antiquated machinery of 
State and of education on scientific lines. 

The first task was the reform of weights and measures and 
the establishment of the metric system, finally achieved in 1799. 
It needed a revolution to bring it about, as witness the persis¬ 
tence of the old cumbrous systems wherever the influence of 
France and French logic did not penetrate. The second great 
task was the creation of modern scientific education, the first 
real educational change since the Renaissance. I he revolu¬ 
tionaries built systematically on a large scale on a foundation 
that had already been laid in the dissenting academics of 
England and in the military schools in France, despite the 
opposition of the old universities. Scotland was an exception; 
as we have seen, the Scottish universities were from the first in 
the foreground of scientific advance. Among the products of 
the dissenting academics were Priestley and Wilkinson the 
ironmaster—of the French military schools, the mathematicians 
Monge and Poncelet, and soldiers like Napoleon and, rather 
surprisingly, Wellington, after he left Eton. For industry and 
for war science had become indispensable. The foundation of 
the ficole Normale Supericure, of the ficole de Mcdccine, and 
of the greatest of all, the ficolc Poly technique, gave models for 
the scientific teaching and research institutions of the future. 

By choosing only the most eminent men to teach in them they 
created the type of salaried scientist professor that was, through¬ 
out the nineteenth century, gradually to replace the gentleman 
amateur or the patronized client scientist of earlier times. 

The first crop of students of the new educational institutions 
contained such names as Charles (1746-1823), Gay Lussac 
(1778-1850), Thenard (1777-1853), Malus (1775-1812), and 
Fresnel (1788-1827), who were all destined to make significant 
advances in many sciences. These institutions gave opportun¬ 
ity to the gifted of all classes to gain a footing in science. It 
is to them that France owed her scientific predominance in the 
world, which lasted till well into the nineteenth century, until 
Britain and Germany were to follow her example in providing 
scientific education. 

Napoleon : patron of science 

The Napoleonic period, which followed close on the Revolu¬ 
tion, did not lead to any slackening of the scientific drive. 
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Although the benevolent despots had patronized science, 
Napoleon took personal charge of its administration. He often 
attended sessions of the Academic, took a whole scientific 
expedition with him to Egypt, and was pleased to order the 
Abb6 Haiiy (1743-1822)—the founder of crystallography—to 
write a text-book on physics. He was, after all, the first 
ruler and the only important one for more than a century 
with a scientific education. He had therefore some idea, if 
only a shrewd bourgeois one, of its utility and saw to it 
that it gave practical support to his regime and to his 
armies. 

The Napoleonic Wars had indirectly a considerable impor¬ 
tance for science. The Industrial Revolution was only slowly 
penetrating France by the turn of the century, but France was 
a far more populous country than Britain, some 28 millions as 
against 11 millions, and its industrial output, though less con¬ 
centrated, was actually greatcr.^*^^*® It was therefore quite 
capable of maintaining the unprecedented strain of sending its 
armies to fight all over Europe. The British blockade, made 
possible by technical naval superiority, had little damaging 
effect at the time—its long-term effect was mainly to destroy 
France’s overseas markets. Where it was felt, in cutting off 
supplies such as soda and sugar, it promoted the French chemical 
industry and helped to give France chemical predominance for 
thirty years. Unlike the wars of more modern times, the 
Napoleonic wars did not extend into the field of science itself, 
but served rather to promote the meeting of scientists of different 
countries. Napoleon awarded a prize to Davy for his electro¬ 
chemical discoveries in 1808, and Davy did not hesitate to go 
to Paris to take it and protested against the small-minded 
people who objected merely because the countries were at 
war.®*® 

The developments in Britain in the period of the French 
Revolution were very different. There, instead of vigorous 
and drastic innovation, there was an almost desperate clinging 
to the old forms of Church and State and a rejection of the 
liberalizing tendencies of the Whigs. Religious dissent turned 
from rational deism to emotional Methodism. None of these, 
however, interfered with the march of industry, provided with 
greater markets as a result of the blockade of France and the 
additional urge to produce war materials not only for Britain 
but also for its industrially backward allies. 
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The Royal Institution: Count Rumford 
Only one effort was made at all analogous to the establish¬ 
ment of the new scientific schools of the Continent: the founda¬ 
tion of the Royal Institution in 1799. This was on the initiative 
of Sir Benjamin Thompson (Count Rumford of the Holy 
Roman Empire) (1753-1814), an American Tory, but with the 
same practical bent as Franklin. An opponent of democracy, 
he saw the need of cflicient public service if the old regime was 
to sur\avc, and demonstrated it by his management of the 
Kingdom of Bavaria before it was overrun by the French. 
There he drove the beggars off the streets and put them into 
workhouses; investigated economical methods of cooking so 
successfully that they could be fed for three farthings a day; 
and turned the army budget from a loss to a profit by devising 
industries for the soldiers. In the course of this he discovered 
the laws of transmission of heat and demonstrated how it could 
be generated by work. Returning to England he saw at once 
that the Industrial Revolution could not be a success unless 
there was some means of training a new type of mechanic who 
could base himself on science instead of blind tradition. For 
that he persuaded the wealthy to put up the money for an 
institution under royal patronage for: 

. . . diffu-sing the Knowledge and focilitating the general 
Introduction of useful mechanical Inventions and Im¬ 
provements, and for teaching by Courses of Philosophical 
Lectures and Expei iments the applications of Science to 
the common Purposes of Life. 

It did not long preserve its founder’s intention. Its first 
director was the great scientist but even greater .snob and show¬ 
man, Humphry Davy (1778-1829).®-* Davy is best known for 
his invention of the miner’s safety lamp in 1815, a piece of direct 
industrial research which he undertook without fee. Though 
intended to prevent fire-damp explosions it was used effectively 
to work previously inaccessible gassy mines, .so that output 
went up while the number of accidents remained about the 
same. Davy’s psan in favour of the utility of science in his 
introductory discourse of 1802, given when he was only twenty- 
three, well expressed the spirit of the new age. In it we find 
the following expression of the nineteenth-century credo: 

The unequal division of property and of labour, the 
difference of rank and condition amongst mankind, are 
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the sources of power in civilized life, its moving causes, 

and even its very soul.®-® 

With the cornbination of science, utility, and sound Tory 
sentiments, it is not surprising that the Royal Institution 
became a fashionable centre, as popular as the opera with the 
nobility and gentry. 

To make it more exclusive, even the back door, by which the 
mechanics herd been allowed to climb unobserved to the gallery, 
was bricked up. But it prospered and provided a unique subsi¬ 
dized laboratory in which a large proportion of the basic scientific 
discoveries of the first half of the nineteenth century were made. 
Its teaching was confined to public lectures, and though these 
attracted one of the greatest scientists of all time, the book¬ 
binder's apprentice, Michael Faraday (p. 438), who was taken 
on as Davy’s assistant and learned his science there, there was 
no place for hundreds of potential Faradays W'hom the Eng¬ 
land of that time could certainly have produced in as great a 
profusion as France. 

The post-Napoleonic reaction 

The great movement of the Enlightenment foundered for a 
time in the reaction that followed the Napoleonic wars—which 
had, in their earlier stages, done so much to spread the move¬ 
ment throughout Europe—and in the serious slump that fol¬ 
lowed in the 1820s. It w^as in such circumstances that the 
Industrial Revolution showa^d its ugliest side of unemployment 
and pauperization, and the ruling classes, with the spectre of 
another revolution before their eyes, felt obliged to use material 
and spiritual forces to the utmost to hold down the mob. 
Men’s eyes turned backwards to a somew hat synthetic ‘‘ Middle 
Ages,” and a sentimental romanticism took the place of a 
rational materialism with its irreligious and revolutionary 
associations. There was a temporary decline of interest in 
science except in Germany, where science was linked with 
awakening nationalism and the wdndy transcendental Natur- 
philosophic (p. 469). The industrial need for science was dor¬ 
mant because of the drop in war orders; and there w^as less 
need of it than ever in the administration of the Restoration in 
France and the Holy Alliance. Nevertheless, this decline was 
only relative to the enormous activity of the last two decades of 
the eighteenth century. So much had been done then that 
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science was too deeply entrenched in the new industries for this 
recession to be either as severe or as long as that at the beginning 
of the eighteenth century. Nor was the spirit of science easily 
quelled. In Britain, France, and Germany, despite reaction, 
scientists and admirers of science formed the spearhead of the 
renewed movement of liberal reform. 

8.4^—THE CHARACTER OF SCIENCE IN THE 
INDUSTRIAL REVOLUTION 

The seventy years from 1760 to 1830, and particularly the 
thirty from 1770 to 1800, are a decisive turning point in world 
history. They mark the first practical realization of the new 
powers of machinery in the framework of a new capitalist 
productive industry. Once these steps had been taken the 
enormous extension of industry and science of the nineteenth 
century was inevitable. The new system was so much more 
efficient and so much cheaper than the old that no serious 
competition was possible. Nor henceforth could there be any 
turning back. Sooner or later the whole pattern of life of 
every human being in the world was to be changed. The 
critical transition came as a culmination of changes in tech¬ 
nology and economics which reached, as has been shown, a 
breaking point in Britain, on the technical side, around the 
year 1760, and in France, on the economic and political side, 
thirty years later. The changes were not easily effected; it 
was no accident that the period was one of unprecedented 
revolutions and wars. 

In science, also, the eighteenth-century changes were revolu¬ 
tionary—the term pneumatic revolution covers only one aspect 
of them. Though they appear in conventional histories of 
science only as an appendage to the Copcrnican-Galilcan- 
Newtonian rejection of ancient science, this is only a measure 
of how the historians themselves are still hypnotized by the 
classical tradition. The seventeenth century had solved the 
Greeks’ problems by new mathematical and experimental 
methods. The eighteenth-century scientists were to solve by 
these methods problems that the Greeks had never thought of. 
But they were to do more: they were to integrate science 
firmly into the productive mechanism. Through power¬ 
engineering, chemistry, and electricity, science was to be hence¬ 
forth indispensable to industry. The first step had been taken 
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in the seventeenth century with the contributions of science to 
astronomy in the service of navigation. Nevertheless, science 
still remained largely what it had become in classical times, a 
somewhat esoteric part of the framework of belief erected in 
the interest of ruling classes: it was part of the ideological 
superstructure. Effectively, it had contributed nothing to 
industry. Now, in the dawn of the nineteenth century, 
without losing its academic character, it was to become one of 
the major elements in the productive forces of mankind. 
This, as we shall see, was to be a permanent feature of growing 
importance destined to outlast the social forms of capitalism 
which had assisted at its birth. 

In the field of ideas the age of revolutions gave little of im¬ 
portance comparable with that of the scientific discoveries or 
technical inventions of the period. Time was needed to digest 
the events and transformations that followed each other in 
rapid succession from 1760 to 1830. In thought the era lies, as 
it were, on a watershed. The ideas that inspired the revolu¬ 
tions were those of the French philosophes —of Voltaire and 
Rousseau. They were the heritage of Newton and Locke, 
based on emotional belief in man and on his perfectibility by free 
institutions and education once the shackles of Church and 
King had been loosened. Their German echo was to be found 
in the profound meditations of Kant (1724-1804), who at¬ 
tempted to weld in one system the achievements of science and 
the inner light of conscience (p, 735). 

The ideas that were to come in the nineteenth century were 
based on the hard experience of the Industrial Revolution and 
the reluctance of men of culture and property to apply the 
watchwords of liberty, equality, fraternity too literally. The 
attempt to apply the social philosophy of the Enlightenment 
in the French Revolution had revealed serious limitations. 
It brought out particularly how little the new ideas concerned 
the lives of the peasants and poor workmen who made up the 
mass of the population. It was they—the people —who had 
given the Revolution its drive, but when its immediate objects 
—the abolition of feudal restrictions on private money-making 
—were achieved, the same people became the mob^ a threat 
permanently suspended over the owners of property: the men 
with a stake in the country. Science, education, liberal 
theology, from being fashionable, had now become dangerous 
thoughts. The immediate transition can be seen by comparing 
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Godwin’s (1756-1836) optimism with Malthus’ (1766-1834) 
grim and hopeless picture of human existence (p. 729). 

One fundamental advance in ideas was a direct consequence 
of the great changes of the time. It was the recognition of the 
historical and irreversible element in human affairs. Accord¬ 
ing to the official, Newtonian, liberal view. Natural Laws, which 
had been extended from the solar system to cover the world of 
life and society, were deemed to hold timeless sway. All that 
was necessary was to discover what those laws were and to 
arrange industry, agriculture, and society once and for all in 
accordance with them. The failure of the French Revolution 
to institute the age of reason gave a chance for the alternative 
view of evolutionary development to gain ground. Vico 
(1688-1744) had indeed glimpsed this idea in regard to human 
societies in the early eighteenth century (p. 727), and later 
Buffon (1707 88) and Erasmus Darwin (1731-1802) had 
speculated that organisms and even the earth itself had had an 
evolutionary history. It was, however, left to Hegel (1770- 
1831) to erect these ideas into a philosophic system and for 
Charles Darwin (1809-82) and Karl Marx (1818 83) to bring 
out the consequences of evolutionary struggles in Nature and 
society later in the nineteenth century (pp. 734 ff.). 


8.5— MID-NINETEENTH CENTURY 
{i8jo-yo) 

If in the eighteenth century the curious and far-sighted 
became aware of the arrival of mechanical industry, by the 
mid-nineteenth century its effects could not fail to be noticed 
by the most unobservant in every part of the world. Simply 
by increasing the scale and range of the earlier inventions a 
complete transformation had been worked in the lives of the 
tens of millions living in the newly industrialized countries. 
Vast new cities had shot up filled with rapidly multiplying 
populations. Beside the growth of industry radically new 
means of transport had been developed: the railways, which 
linked up the centres of industry, and the steamships, which 
collected its raw materials and distributed its products far and 
wide. Indeed, where the eighteenth century had found the 
key to production^ the nineteenth was to find that oicommunication. 
No comparable change had ever occurred in human conditions 
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with such thoroughness and rapidity. Wherever industrialism 
spread the old feudal social relations were destroyed. The 
mass of the population became wage labourers. All economic 
and political initiative belonged to the new class of capitalist 
entrepreneurs. Even in the State, the relics of feudal reaction had 
been easily swept away in the success of the revolution of 1830 
in France and of the Reform Bill of 1832 in Britain.It had 
become in Marx’s phrase the executive committee of the 
ruling class.” It was no longer so necessary to protect privilege 
by legislation; once property was secure, the workings of the 
economic system would see to it that everyone got just what he 
was worth. 

Wealth had never been accumulated so easily; misery had 
never been so widespread and unmitigated by social defences. 
With all the new triumphs of engineering went a smoky dirti¬ 
ness, drabness, and ugliness which no previous civilization 
could have produced. It was in this environment that science 
approached its present scale of activity and importance. 
Indeed, as we have seen, already before the beginning of the 
century it was an indispensable adjunct to the conduct of the 
new industries, and as the century progressed its range of ser¬ 
vice continually increased. It grew vastly, and as it did so it 
necessarily came to be directly influenced by the dominant 
social forces of capitalism. 

It was recognized by the 1830s that a transfer of power from 
rank to wealth had occurred, even that it might have been 
necessary. True, in the French Revolution it had exceeded its 
due bounds, and now that an ideal state of constitutional 
democracy had been reached there was every reason to resist 
further fundamental change or even any radical criticism of the 
abuses of society. In the past science had been a major stimu¬ 
lant to such criticism. Now it was felt by scientists and non¬ 
scientists alike that as science was well established its critical 
and infidel role might well be laid aside. 

The utilitarians 

All that w^as necessary was once more, as in the middle of the 
seventeenth century, to separate the concepts of science from 
its social implications; to create an idea of “ pure science ” 
and so, by making science respectable again, to enable it 
to flourish and, even better, to become really profitable. 
This transformation was largely effected by the Utilitarians, 
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emasculated followers of the philosophes of the eighteenth cen¬ 
tury. Following the lead of Adam Smith and Jeremy Bcntham, 
they deliberately set themselves the task of removing the old 
traditional evils of society by legislation which would leave the 
capitalist absolutely frec.^ It was only thus, under the iron 
rules of economics as expounded by Ricardo (1772-1823) and 
J. Stuart Mill (1806-73), that the ‘‘ greatest happiness of the 
greatest number’’ (p. 376) could be secured. In that age they 
were superbly confident that the eternal laws of society, as a 
set of freely contracting independent individuals, had at last 
been laid bare by science. Firmly believing their new prophets, 
the entrepreneurs of tlie golden age of capital set themselves out 
to prove how right they were. In the enormous burst of pro¬ 
ductive activity that went on, without any but minor set-backs, 
from 1830 to 1870 science was to have a small but vital and 
growing share. 

This was the period of the heyday of capitalism, with its 
extravagant wealth and grinding poverty; the period of the 
Chartists and the Hungry Forties as well as that of the Exhibi¬ 
tion of 1851. Capitalism had indeed already, as Marx pre¬ 
dicted in 1848, brought into existence the dispossessed working 
class whose eventual power was to bring capitalism’s rule to 
an end. But that day was still far off, and although the fight 
for better conditions never ceased, increased production and 
expanding markets did for long enable the capitalists to make 
timely concessions to the standard of living of the working class. 

The mid-nineteenth century was not a period of radical 
technical transformation that can compare with the eighteenth. 
It was rather one of steadily improving manufacturing methods 
operating on an ever larger scale. Though rivals were beginning 
to enter the field, the advantages Britain had won in the 
Industrial Revolution were retained and even improved on. 
For a while Britain was literally the workshop of the world. 
The cheapness of the goods, predominantly the textiles pro¬ 
duced by the new machinery, extended the markets in a way 
that seemed for decades unlimited. That market could be met 
by simply multiplying and steadily improving existing types 
of machinery. There was therefore no violent urge for new 
devices in production. There was, on the other hand, an 
ever-increasing need to speed up communication and transport. 
The telegraph was the first practical and large-scale application 
of the new science of electricity. Materially more important 
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was the application of power to transport in the railway and 
steamboat ; here science was only in an ancillary role. 

The rise of the engineers 

Both were directly the product of the new profession of 
mechanical engineers and were made possible by the availability 
of cheap iron, now smelted with coal, on a scale many times 
that of any previous age. The appearance of the modern 
engineer was a new social phenomenon. He is not the lineal 
descendant of the old military engineer but rather of the 
millwright and the metal-worker of the days of craftsman¬ 
ship. Bramah (1748-1814), Maudslay (1771-1831), Muir 
(1806-88), Whitworth (1803-87) and the great George 
Stephenson (1781-1848) were all men of this type.'"*’^^®^ 
The growth of the applications of science in the mid-nineteenth 
century was so much more rapid than the growth of science 
itself that their handling and development fell into the hands 
of practical men. These, for the most part—only the greatest 
like Richard Trevithick (1771-1833), George Stephenson, and 
I. K. Brunei (1806-59) were exceptions—proceeded to deal 
with them as their predecessors had, by trial and error, and to 
superimpose an evolutionary technical development on the 
revolutionary innovations that had come directly from science. 
Thus the reciprocating steam-engine, in spite of nearly 200 
years of improvements, is essentially the same machine that left 
the workshops of Boulton and Watt in 1785. 

The railways and the steamboat 

The railways were originally the products of coal-mining. 
The great innovation of putting an engine on wheels to make it 
a locomotive also was most successfully attempted in the mines 
(p. 418). The railway age covered Britain with its network 
in the ’thirties and ’forties and spread to the rest of the world 
throughout the century. It also led to an enormous increase 
in the older, civil engineering which carried on the tradition 
of the eighteenth-century builders of canals, roads, and bridges, 
like Macadam and Rennie. It can still be seen in the great 
works of Robert Stephenson and I. K. Brunei. A new interest 
in geology came from the making of canals and railways, which 
revealed the structure of the rocks in cuttings and tunnels while 
at the same time it provided, in the profession of surveyor, a new 
source of income to the geographical and geological sciences. 
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The telegraph 

The improvements in transport brought about by the railway 
and the steamship put a premium on rapid communications. 
The need to transmit news rapidly is as old as mankind, as 
many beacon hills bear witness; but short of magic or tele¬ 
pathy there was little means of realizing it except for alarm 
calls. Even the needs of war had not produced anything more 
elaborate than the relay semaphore telegraph. And yet the 
means had lain to hand for some time. Already in 1737 
electricity had been used to transmit messages for distances of 
several miles, but the use of static electricity was difficult and 
unreliable. It was the coincidence of the advent of railways 
with Oersted’s discovery of the effects of electric currents on 
a compass that provided a cheap and foolproof method just 
when the need was greatest, and ensured the successful inven¬ 
tion of the electromagnetic telegraph. 

The actual impetus that set a host of inventors working at 
the same time (e.g. Morse, Wheatstone, etc.) was not any 
general need of social communication but the actual money 
value of news of the prices of goods or stocks and of events that 
might affect them. News meant money, and the electric tele¬ 
graph provided the means to convey news rapidly. 

Short-distance telegraphy was a very direct application of 
electricity, requiring only a very elementary alphabetic code; 
but the need for its extension to greater distances and greater 
speed was to tax the ingenuity of physicists up to the present 
day and to give rise to much fundamental knowledge and 
delicate instrumentation. In particular the working of tlie 
Atlantic cable, linking Wall Street to the City, was only en¬ 
sured in 1866 owing to the ingenuity of one of the greatest 
physicists of his day, William Thomson, I.ord Kelvin (1824- 
1907). Even more important for the general position of 
science was the fact that the telegraph created the need for 
trained electricians, and this in turn for technical schools and 
university departments of physics, on which most of the ad¬ 
vances of the later nineteenth century depended (p. 442). 

By the ’fifties science was already paying dividends. A new 
chemical industry was rising, based mainly on the need of the 
expanding textile industry for soda and sulphuric acid; and the 
discovery of aniline dyes secured the future of organic chemistry. 
A beginning was being made to enlist science, particularly 
chemistry, in the improvement of agriculture through the use 
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of artificial fertilizers (p. 477) Biology was also beginning to 
find new uses outside the traditional field of agriculture. The 
chemist, Pasteur (1822 95), was finding means of improving the 
manufacture of beer and wine and was making his first success¬ 
ful attack on a disease, not of man but, characteristically, of 
the economically valuable silkworm (p. 472). 

Here, for the first time, was the possibility of a scientific, as 
distinct from a traditional, control of living processes. Even 
medicine was beginning to move with the times and to accept 
rather grudgingly such gifts as anaesthetics from the new chemis¬ 
try. Actually, thanks to poverty, overcrowding, and laisser- 
faire economics generally, tlie health of the people in industrial 
countries was probably worse than at any other period in their 
histories. Disastrous epidemics of oriental cholera, brought 
in through the new facility of transport, continued to occur 
until their very virulence, and the threat they offered to the 
middle classes themselves, led to an understanding of the need 
for sanitation and put some check on the practices of slum 
landlords (p. 474).^*^'‘ 

The organization of science 

The facilities for either the practice or the teaching of science 
by no means corresponded to the function science was already 
filling in economic life. This w^is particularly true of England, 
where science was finding the greatest field of application.^-’^ 
By 1830 a group of young British scientists under the leadership 
of Charles Babbage (1792-1871) were especially vocal about 
the failure of both the Government and the Royal Society, its 
agent in science, to react to new needs. In his book Reflections 
on the Decline of Science in England Babbage pointed out 
that the Society had become effectively a closed corporation of 
officers, controlling a membership the majority of whom had 
only a nodding acquaintance with science and who were not 
even its generous patrons. Reform was in the air, but the Royal 
Society took its time, and by the simple device of restricting 
its new membership only succeeded in reaching, some years 
after his death, the state that Babbage demanded.^-® 

The British Association 

Babbage was, reasonably, impatient and managed, with his 
friends, to found in 1831 The British Association for the Advance¬ 
ment of Science ; a substitute which could be counted on to act 
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and speak on behalf of science. This was modelled on the 
Deutscher Naturforscher Versammlung^ founded in 1822 in Ger¬ 
many by Lorenz Oken (1779-1851), one of the most ardent 
and fantastic of ‘‘ natur Philosophen ” (p. 469) but a staunch 
liberal who gave up his chair at Jena in 1819 rather than to 
submit to censorship of his magazine Isis. The movement he 
had started, was, in fact, to be the herald of the great scientific 
renaissance of Germany in the mid-nineteenth century.®* 
The British Association was, in its way, as successful. It rapidly 
became an institution which, though never as august, was far 
better known than the Royal Society from its habit of carrying 
its meetings to every city in the United Kingdom and even to 
the colonics. These meetings were the battleground of all the 
great scientific controversies of the time, notably those of the 
conflict of science and religion, culminating in such events 
as Huxley’s retort to Bishop Wilberforce at Oxford in i860 and 
Tyndall’s Belfast address of 1874 suggesting that life might have 
come from inanimate matter. It was in part a society for 
popularizing science, and in part one for promoting and financ¬ 
ing research in the interest of the nation. It undertook, for 
instance, to further the study of seismology, tides, meteorology, 
magnetism, electrical standards, geology, and biology. Effec¬ 
tively it did by private enterprise what elsewhere was the concern 
of government. By the end of the century the burden became 
too great, and was at last shifted by the creation of such institutes 
as the National Physical Laboratory. One of the Association’s 
actions that was to have the largest consequence was the 
request it made to Justus von Liebig (1803-73) to prepare a 
report on agricultural chemistry, a task which turned that great 
chemist’s attention to the practical problems of food production 
and which was the starting point of the sciences of soil chemistry 
and nutrition (pp. 459, 477). 

Such activities represented the need of the new industrial 
bourgeoisie to take science into its own hands and to break 
into the exclusive upper-class and university circles to which it 
had returned in the early decades of the century. By the mid¬ 
century they had been largely successful and the new im¬ 
portance of science had obtained institutional recognition. 

The scientific societies 

The general societies, which had sufficed the seventeenth and 
eighteenth centuries, could not cope with the flood of specialized 
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knowledge that was creating new fields of science. In France, 
England, Scotland, Germany, and elsewhere, chemical, 
geological, astronomical, and other societies were founded, 
each with its appropriate journal, while at the same time 
engineers began to associate themselves into institutes. 

Science in the universities 

It was also in the mid-nineteenth century that the opposition 
of the English and French universities to the new science, 
maintained for over 200 years, began to break down. In 
England this took place partly by the setting-up of new colleges, 
hvlcr to become universities, in London and in manufacturing 
towns, and partly by adding new departments to already 
existing universities.®-®®'' While at the beginning of the century 
many, if not most, great scientists in England were amateurs or 
had been brouglit up as apprentices, as were Davy and Faraday, 
by the middle of the century the university professor, already 
well known on the Continent, began to be the type of the scien¬ 
tist in England.'J’he Great Exhibition of 1851 was a symbol 
of the unity of science, invention, and manufacture, and some of 
the proceeds went to founding a scientific teaching centre, the 
Royal College of Science, in South Kensington. In France the 
decisive step had been taken much earlier with the establish¬ 
ment of the Ecole Polytcchnique and the Ecole Normale 
Superieur (p, 380). 

It was pre-eminently Germany that took the lead in assimi¬ 
lating science into regular university life. The German uni¬ 
versities had indeed begun their reform in the period of the 
Enlightenment in the eighteenth century. The lead was taken 
by Gottingen, founded in 1736 by George II in his Hanoverian 
dominions. From the eighteen thirties onwards the universi¬ 
ties of the diverse German States vied with each other in the 
foundation of scientific chairs and, though more slowly, of 
teaching laboratories, of which Liebig’s at Giessen was the pro¬ 
totype. Germany had come late into the scientific movement; it 
had a more disciplined and less independent official class than 
France or Britain. It was able, however, to supply by organiza¬ 
tion what it lacked in individual initiative. By the middle of 
the century, and increasingly thereafter, Germany turned out 
trained scientists, text-books, and apparatus to supply needs 
far beyond its boundaries. 

All these changes resulted in a vast increase in the volume and 
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prestige of scientific work. It acquired a more and more 
formal organization, and its pursuit became a profession com¬ 
parable to the older professions of law and medicine. In doing 
so, however, it lost much of its early independence, its amateur 
status. Science did not so much transform the universities as 
the universities transformed science. The scientist became 
less of an iconoclast and visionary and more of a pundit, the 
transmitter of a great tradition. Particularly in Germany, 
where scientists had first been associated with the liberal move¬ 
ment, they became, after the fiasco of 1848, among the staunch¬ 
est supporters of the official State machine.^*^ 

Middle-class and popular science 

Science was to remain for many years the monopoly of a 
select part of the middle classes—the liberal intelligenlsia as 
they were known in Europe—and inevitably continued to be 
limited and coloured by their world outlook. In the middle 
of the nineteenth century they did not scorn utility. They 
were interested in the great industrial movements of their time. 
They believed firmly in the inevitability of Progress, but they 
repudiated all responsibility for any of its unpleasant and 
dangerous results. Nevertheless, though advancing in wealth 
and authority, their relative political and economic status had 
fallen. Industry and finance had advanced in power far more 
rapidly than science. While in the eighteenth century the 
leading scientists were on dining and marrying terms with the 
captains of industry, relatively few could—or seriously wanted 
to— reach the seats of wealth and power in the nineteenth. 

Indeed, for all its growth and extension in the nineteenth 
century, science only managed to penetrate fitfully, either up or 
down, beyond the circle of the middle classes. Count Rum- 
ford’s efforts at the turn of the century to found an institute 
for the training of mechanics had resulted, after a few years, 
in a Royal Institution for the scientific entertainment of the 
nobility and gentry, and only incidentally in the creation of 
a brilliant research laboratory as well. Other mechanics’ 
institutes succeeded better in their original objective, notably 
one founded in the City of London in 1823, from which 
Birkbeck College was to emerge (pp. 733, 811). These, however, 
and the improving lectures given by eminent scientists like 
Thomas Henry Huxley to the lower orders touched only an 
insignificant fraction of the new working class which the 
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Industrial Revolution had called into existence. As to techni¬ 
cal education, it hardly existed in Britain, the home of mechani¬ 
cal industry, until the twentieth century.®*^ Those who did 
not, or could not, resort to self help ” as a way of getting into 
the middle classes were apt to regard science and technical 
innovation generally as a means of cutting wages and producing 
unemployment (p. 298). 

The vision that the new powers of science would make it 
possible for the working class to get rid of the oppressive system 
of capitalism, foreshadowed in the pioneer experiments of 
Robert Owen, was first clearly enunciated by Marx in the 
Communist Manifesto and later elaborated in Capital ; but the full 
impact of this doctrine was not to be felt till the next century 
(pp. 8241'.). 

8.6--THE .KINETEENTH-CENTURY ADVANCES 
OF SCIENCE 

The mid-nineteenth century registered progress in science 
over such a wide front that it is impossible in a few pages to do 
more than pick its major achievements. Physics, chemistry, 
and biology all expanded and proliferated into separate sub- 
sciences. There was a great search over all the fields of Nature 
and technique, such as Bacon had dreamed of but not carried 
out, by minds already trained in the disciplines of observation, 
experiment, and calculation bequeathed by the seventeenth 
and eighteenth centuries. All the previously developed fields 
continued to deepen their analysis and to find new outlets in 
practice. 

The triumph of chemistry 

Chemistry was especially the science of the nineteenth century. 
I’his was essentially because it was the major science ancillary to 
textiles, which all through the century was the most important 
industry. As will be told in its place (pp. 444 f.), chemistry 
grew on the secure basis of the revolutionary establishment of 
the atomic theory and rapidly came to be able to deal with all 
types of substances. What is important here is that as the 
century passed, chemistry came to colour in a literal, as well as 
a figurative sense all products of manufacture. New cheap 
synthetic materials—adulterants, perfumes, dyes, largely drawn 
from coal tar—came to replace those natural products too dear 
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and rare to cover the new markets. It was in this transition 
that the centre of chemical research moved from its birthplace 
in Britain in the eighteenth century, through France, where it 
was codified and enlarged, to Germany, which was the first 
country where its multifarious uses were realized in practice. 
This transition was to prove of sinister consequence in the next 
century. 

The conservation of energy 

Amid this active advance of science, old and new, two great 
generalizations stand out as the major contributions of the 
nineteenth century. One, in the field of physics, was the 
doctrine of the conservation of energy; the other, in the field of 
biology, was that of evolution. The former, as we shall see 
(p. 421), represents the realization, by a whole host of scientists 
from Carnot to Helmholtz, of the importance, as a cosmic 
principle, of the interchangeability of different forms of energy. 
Effectively, it was inspired by the study of the conversion of 
coal to power that had already been achieved in practice by 
the steam-engine from the dawn of the Industrial Revolution, 
It was given a more and more mathematical form and emerged 
as the science of thermodynamics^ the first law of which, the con¬ 
servation of energy, is coupled with a second law which deter¬ 
mines its limited availability. It is characteristic of the time 
that the second law should have been discovered by Sadi 
Carnot as early as 1824, is this law, and not the first, that 
limits the amount of work that can be got from each ton of coal 
by an engine of given design. This efficiency of engines at that 
time rarely rose to as much as five per cent.*'*-^ 

The first law of thermodynamics provided a principle of 
unification by showing that the forces of Nature previously 
considered separate—material movement, sound, heat, light, 
electricity, and magnetism—were all measurable in the same 
units, those of energy^ the quantity of which in the universe 
neither increased nor decreased. Its formulation recalls over 
the centuries the dictum of Heraclitus (p. 121) on change ‘‘as 
gold for goods and goods for gold ” and is indeed the physical 
expression of the principle of free trade, established in practice 
at that very time. The conservation of energy was a magni¬ 
ficent extension of Newton’s principle of conservation of motion 
but, like it, contained in itself no conception of progressive 
change. Change did indeed follow from the second law, but in 
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the form of degeneration rather than progress, for it showed how 
in any closed system the heat and the cold must ultimately 
come together in a uniform tepidity from which no more energy 
could be extracted (p. 423). 

Evolution 

Such a conception accorded ill with the progressive and 
optimistic mode of the nineteenth-century bourgeoisie, who 
found a congenial scientific justification in the theory of 
evolution. The idea that the earth had a long history was not 
new. Indeed, as we shall see (pp. 465 f.), it began to take form 
in the eighteenth century and its acceptance was held back only 
in the reaction of the early nineteenth century by clerical pre¬ 
judice. With it came the realization that animals and plants 
were once very different from what they arc now, and the 
obvious implication that the latter might be descended from 
the earlier forms. The evidence, however, that was accumulat¬ 
ing all through the nineteenth century, derived from the ex¬ 
periences of tlie age of canal and railway building, made any 
other explanation very hard to believe. At the same time 
greater knowledge of the distribution and classification of living 
animals and plants made the idea of special creation appear 
more and more arbitrary. Nevertheless it took years of patient 
and obscure work by generations of geologists and biologists 
before the world could be made to listen to and begin to accept 
the idea of organic evolution, with itjs stinging corollary that 
man was descended from animals. It needed all the insight, 
skill, and scientific reputation of Charles Darwin to secure a 
hearing even as late as 1859 for such a radically new idea 
with the publication of the Origin of Species. 

From the moment it was propounded the theory of evolution 
became the centre of a scientific, ideological, and political 
battle. Darwin had, almost unwittingly, made as damaging 
a break in the Platonic doctrine of ideal forms in the animate 
world as Galileo had in the inanimate. And Darwin did more 
than assert evolution: he provided a mechanism —natural 
selection —that destroyed the last justification for the Aristotelian 
category of final causes. No wonder the theologians, whose 
whole world-picture was finalistic, repudiated it. Even more 
shocking was the idea that man himself—that unique end to 
creation—was nothing more than a remarkably successful ape. 
This seemed not only to shatter the doctrine of religion but also 
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the eternal values of rational philosophy. Both were to recover 
from the blow only too easily (p. 483). 

At that time, however, evolution was at the centre of the 
battle between progress and reaction. For the doctrine found 
supporters as well as enemies. It was a weapon in the hands 
of materially minded industrialists against sentimental Tories 
on the one hand, and idealistic Socialists on the other. It 
seemed to give a scientific blessing to the exercise of unfettered 
competition and to justify the wealth of the successful by the 
doctrine of the survival of the fittest. As Darwin’s views continued 
to gain ground and won the enthusiastic support of a new 
generation of scientists, science itself began to take on again a 
radical tone, but as yet it was far from a socialistic one. 

The prevailing school of thought following John Stuart Mill, 
Auguste Comte (1798-1857), and Herbert Spencer (1860-1903) 
tended to justify, in terms of logic and science, the freedom of 
private enterprise and to praise the nineteenth century as the 
era in which man had at last found the right way (p. 746). 
It was not perfect yet; there were still some abuses of the past 
to be swept away; and progress would continue; but that 
progress w^as envisaged as a direct extension of the present— 
more machinery, more inventions, more accumulation of 
wealth, even more comforts honestly earned by the dc^serving 
poor following the gospel of ‘‘ Self Help.” Samuel Smiles 
(1812-1904) who coined that phrase in his scries of biographies 
of the makers of modern industry showed a sense of significant 
history far ahead of his contemporaries. Although associated 
with the doctrine of rugged individualism, he had, towards the 
end of his life, realized that something more was needed than 
“ self-help,” and became a pioneer of technical education for 
the workers.*'"*^® 

The rise of Socialism 

What the poor thought about the benefits of progress was 
showm in the Chartist and other revolutionary movements of 
the mid-century and, at the end of the phase, by the insurrec¬ 
tionary Commune of Paris of 1871 following the miseries of war 
and siege. Their philosopher, Karl Marx, of whom more in his 
place (pp. 734 f.), was barred out of the consciousness of the com¬ 
fortable intellectual classes. Nevertheless, the more honest of 
these could not help using their eyes and their noses to realize 
that there was something desperately wrong at the very heart 
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of nineteenth-century prosperity. Artists, poets, and writers 
were moved to protest against the horrors of the new industrial 
towns, against the universal degradation of beauty, against the 
vulgar flaunting of wealth. In opposing them these intellectuals 
found their first support in an attempt to return to an idealized 
“Middle Ages.” Keblc (1792-1866) and the Oxford movement, 
Ruskin (1819-1900) and the pre-Raphaelites, marked the first 
reactions which, towards the end of the century, were to 
become part of the full-blooded Socialism of William Morris 
(P- 758)- 

Science and culture 

Rejecting industrialism, the literary and artistic movement 
also largely rejected science, which they felt, with some justi¬ 
fication, had identified itself with machine production and all 
that it had brought in its train.It was from this period in 
mid-century that th(! split between the humanists and scientists, 
which is such a feature of our own times, first became serious. 
Its immediate effect was to prevent the co-operation between 
the tw'o branches of intellectuals without which no constructive 
criticism of the economic and social system was possible. The 
humanists never knew enough of how it worked to have other 
than ineffective emotions about it; the scientists were blunted 
by a quite deliberate turning away from everything—art, 
beauty, or social justice—that did not come within the purview 
of their, by then, highly specialized work.^*^*^^^ 


8.7—THE LATE NINETEEN IH CENTURY 

{1870-95) 

Already towards the end of the ’sixties the first, simple, 
optimistic phase of early capitalism was beginning to draw to 
an end. llie great depression which started in the ’seventies 
marked a transition between the era of free-trade capitalism, 
with Britain as the workshop of the world, and that of a new, 
more widely based, finance capitalism, with France, Germany, 
and the United States coming to the fore under the cover of 
protected markets. The enormous productive forces liberated 
by the Industrial Revolution were by then beginning to present 
their owners with the problem of an ever larger disposable 
surplus. This could not, under capitalism, be returned to the 
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workers who made it. When invested at home it led to even 
greater production and to a more hectic search all over the 
world for markets that were soon filled. The result was colonial 
expansion, minor wars, and preparations for the larger wars 
which were to come in the next century. 

As a transitional phase it is a difficult period to demarcate, 
particularly in science. It is certainly easier to do so in retro¬ 
spect than at the time, for the change here was a gradual one 
without any marked break in continuity. To those living 
through that period it seemed that science was moving faster 
and faster. Nevertheless, doubts had begun to appear as to 
whether its use was leading to a future of unlimited and bene¬ 
ficial progress. Looking back we see the later nineteenth 
century as a period which was at the same time an ending and 
a beginning, a quiet winding up of the great scientific drive of 
the Newtonian period and a preparation for the stormier 
scientific and political revolutions of the twentieth century. 

In industry, too, the period was transitional. While the old 
industries continued to expand more slowly in Britain and very 
rapidly in Germany and the United States, a change was 
coming over its character. Competition between small family 
firms led to the formation of big joint-stock companies, soon to 
become the giant monopolies of the twentieth century. This 
transition was particularly marked in the metal and engineering 
industries, in which science was being brought in again after a 
long run of practical men, and even more in the new chemical 
and electrical industries which owed their origins entirely to 
science. With their growth there appear for the first time 
the Kelvins, the Edisons, the Siemens, the Brunners; not 
business men turned scientists, but scientists turned business 
mcn.®*^ 

We also see, for the first time, a large-scale application of 
science to war: the submarine, the torpedo, high explosives and 
big guns, the beginning of the mechanization of warfare. The 
major industrial characteristics of the end of the nineteenth 
century were the advent of cheap steel and the introduction of 
electric power. It also marked the beginning of the use of the 
internal-combustion engine, which was to revolutionize the 
transport of the next century. Not less important in their ulti¬ 
mate consequences were the first successes of scientific medicine 
in reducing the toll of infectious diseases and permitting the 
exploitation of tropical areas. 
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The age of steel 

The first step in the use of science to transform the traditional 
iron industry came with Bessemer (1813-98), himself a scienti¬ 
fically minded manufacturer quite outside the industry. His 
converter, introduced as early as 1854, showed that steel could 
be made cheaply on a large scale; but the converter was still of 
only limited use because it required high-grade ore. It was not 
till 1879, when Gilchrist Thomas introduced the basic-lined 
open-hearth furnace, that low-grade ores became available for 
steel-making and production leaped upwards (p. 430). 

What is more significant for history was that this changed the 
geographical centre of gravity of heavy industry. With the 
basic open-hearth the great phosphatic ore deposits of Lorraine 
became available for steel-making. In 1870 these had been 
united with the coal of the Ruhr through the success of the 
freshly industrialized Prussian State in its war against France. 

The rise of German industry 

From now on there would be in Europe a centre of steel 
production which was soon to equal and surpass that of Britain, 
and on this steel was based a new industry better organized 
and more closely linked with the State than hers. Britain, 
however, with her multifarious and competitive industries, still 
kept a leading, though diminished, place in world markets, 
particularly by reason of the hold she possessed over all the 
undeveloped parts of the world. 

Rivalries were inevitable and were to be the prime cause of 
the wars of the next century. In the first stages they expressed 
themselves, largely owing to the availability of cheap steel, in 
such exports of capital as rails, locomotives, and agricultural 
and mining machinery for opening up new territories. These 
supplemented the still expanding sales of cloth, trinkets, small 
arms, and hardware, on which the mid-nineteenth-century 
colonialism had been based. What was left of the steel and 
particularly of the newly developed alloy steels went into battle¬ 
ships and big guns (pp. 493 ff.). 

The electrical industry 

Electricity, as we have seen, played a vital part in the revolu¬ 
tion in communications of the mid-nineteenth century. The 
generation of electricity by mechanical force and its use for 
power transmission were quite evidently feasible (p. 440) after 
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Faraday’s discovery of electromagnetic induction and his 
demonstration of the electric dyna-motor in 1831. The reasons 
it was not used for fifty years were, as will be shown, not 
mainly technical but economic.^*^ Mid-nincteenth-century 
industry ran on relatively large concentrated units of power— 
stationary steam engines for factories, the locomotive or marine 
engine for traction. The only way of transmitting energy over 
large distances was by the shipping of coal. Later, the increas¬ 
ing mechanization of minor industries was to call for smaller 
power units than steam could conveniently supply. The solution 
was first found in the gas-engine, the first practical internal- 
combustion engine and the forerunner of the oil and petrol engines 
that were to revolutionize transport in the twentieth century. 

The electric motor was to prove a far more flexible means of 
satisfying the industrial need of small static power units. Its 
whole value, however, depended on the availability of a wide¬ 
spread network of electric power supply, and this could only 
be brought into existence by a more general need than that of 
industrial demand. This need was to come from the evolution 
of domestic services. As the century progressed, extended 
networks of water and gas supplies, and later of telegraphs 
and telephones, were laid down. It was an enterprising tele¬ 
graph clerk, Thomas Alva Edison (1847 1931), who jumped 
ahead of other competitors and led the way for another such 
extension-- the electric light (p. 442). 

Once electricity had to be made and distributed for light, it 
could be used for power, and a new universal and cheap means 
of distributing energy was made available to industry and trans¬ 
port, though this was not to be fully cfl'cctivc until the twentieth 
century. These developments created the heavy electrical 
industry, which, in contrast to older industries, was monopolistic 
and scientific from the outset. It was closely linked with other 
growing monopolies in heavy engineering and with telegraph 
and telephone monopolies. For science it had another capital 
importance: it created the industrial research laboratory. 
Edison’s Menlo Park, originally just a barn for trying out inven¬ 
tions, showed the necessity for continuous experiment closely 
related to production.^- 

Scientific medicine 

While these advances were transforming the manipulable 
material environment of man, one of even greater importance 
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was taking form: the beginning of a scientific medicine. The 
reason that this did not take place until such a late date was 
because the constitution of living organisms was so many times 
more complicated than that of the most complex mechanical or 
chemical system that these had first to be understood before a 
successful attack could even be launched. 

Medicine had existed as a mystery and a profession from the 
very dawn of civilization, but, despite all the progress in the 
knowledge of anatomy and physiology in ancient and modern 
times, the doctor could do little more than alleviate the pains 
and anxiety of the patient and forecast more or less accurately 
the course of the disease. As human beings recover naturally 
from most diseases the doctor’s care was usually rewarded. 
The formidable array of drugs in the pharmacopoeia had been 
compiled partly from the simples of ancient medicine, based 
on a mixture of folk medicine and magic, and partly from the 
more violent metallic drugs introduced by Paracelsus in the 
Renaissance (p. 272). Almost all of them were useless. 

Here and there, for instance, in the use of quinine for malaria 
and of vaccination against smallpox, a few specifics of preven¬ 
tive measures had been hit upon only by fortunate accidents, 
but for lack of adequate experiment or theory it had been 
impossible to generalize them. As will be told later, dis¬ 
coveries arising initially from the application of chemistry 
to the old biological industries of brewing and wine-making 
led to the first understanding that killing diseases such as 
anthrax, hydrophobia, cholera, and plague were the result of 
the invasion of the body by living organisms from outside; 
and revealed at the same time the weiy to combat infection 
by them and, even better, to prevent people from catching 
them (pp. 473 f.). 

From now on, in principle at least, the way to the conquest of 
disease was open. In its earliest stages it showed that man 
himself could, through the use of science, overcome what had 
always before seemed the blind malevolence of fate or an in¬ 
scrutable providence beyond his control. In this alone, science 
had justified itself. Yet the very advances of the new medical 
science now brought into ever sharper relief the conditions of 
industrial or colonial poverty that underlay and supported the 
civilization that seemed so rich and powerful on the surface. 
The root causes of disease were not in the germs but in the con¬ 
ditions that enabled them to breed and spread, and no vaccine 
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or serum could deal with this evil, which was endemic in the 
economic system itself. 

The race for colonies 

By the end of the century industrialized Europe, largely con¬ 
centrated on the coalfields that ring the North Sea, had so 
multiplied in population that it was no longer directly self- 
supporting. Ever-increasing quantities of food and raw 
materials had to be imported from eastern Europe, particularly 
Russia, and from America. It was this demand that led to a 
rapid transformation in methods of agriculture and of the 
preservation and transport of food. The development of agri¬ 
cultural machinery, while it did not usually increase tlie yield 
per acre, enormously increased that per man. It was especially 
applicable to open country with a small population, and hence 
to America, rather than to the older, still feudal village cultures 
of eastern Europe and Asia. 

The introduction of agricultural machinery and the associated 
rail and steamer transport radically altered the relation of man 
to his food supply. Before then, even after the eighteenth- 
century improvements, some eighty to ninety-five per cent of 
the food produced was consumed on the spot; the town 
workers and the idle rich, always a small minority, could dis¬ 
pose of only the remaining five to twenty per cent. Countries 
that lived by trade, like seventeentli-century Holland, or by 
manufacture, like nineteenth-century Britain, could maintain 
large urban populations only by drawing on the small individual 
agricultural surplus of millions of peasants throughout the 
world. Now, the land workers, using agricultural machinery, 
could be a dwindling minority and yet provide a hitherto un¬ 
imaginable surplus for the towns. While this w^as true at first 
of grain foods, the principle of urban concentration of food 
could be extended to meat and fish only by the introduction of 
refrigeration and canning, involving much physical, chemical, 
and biological research and development. 

These methods of mechanical exploitation, applied mostly 
to virgin land, had much in common with the mining ventures 
that were widespread in that period, but, covering a larger 
area, they were much more destructive in their effects. Exhaus¬ 
tion of the soil was only partially palliated by the use of artificial 
fertilizers, and the way was open to the devastating erosion of the 
next century. 
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In the opening up of Western and Eastern lands, first to 
agricultural, then to industrial exploitation, which was largely 
made possible through the use of steel for agricultural machinery 
and transport, the financial capital of the older countries found 
its most profitable outlet. The fate of these investments in 
these two areas was to be very different. North America, from 
its foundation a colony of the bourgeoisie, was, even before the 
Civil War, producing its native capitalists, who were growing 
rich on the previously untapped resources of the continent and 
on the labour of tens of millions of poor emigrants from Europe. 
The Duponts, Astors, Rockefellers, and Morgans were soon to 
surpass their European forerunners in wealth and power and 
to turn the United States into the citadel of capitalism. 

In Russia, on the other hand, autocracy and the relics of 
feudalism, combined with an intense exploitation by British, 
French, and German capitalists, held back development for a 
time, but when they were swept away in the Revolution the way 
was open for the first Socialist State. 

In the East, India remained for direct, and China for indirect 
exploitation; but one State—Japan—was allowed to become a 
model of the civilizing value of a native capitalism, creating all 
the appearances of the new “ Western ” culture, including 
science, but using them to build up on a feudal basis an un¬ 
inhibited, predatory, and militarized State. 

SCIENCE IN THE LATE NINETEENTH 
CENTURY 

In a period so short and so crowded with practical achieve¬ 
ment as the late nineteenth century it is not to be expected that 
many great theoretical advances would be made. In the 
physical sciences the period was pre-eminently one of transition, 
with the rounding off of the great advances of the early nine¬ 
teenth century, and at the same time with the beginnings of 
investigations of a new kind that were to lead to the explosive 
advance of the twentieth century. In biology, on the other hand, 
new ground was being broken in the study of microbes and in the 
approach to a physical-chemical understanding of physiology. 

The electromagnetic theory of light 

The major achievement of the period in physics was the 
formulation by Maxwell of the electromagnetic theory of light, 
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This brought together in one comprehensive theory the results 
of two generations of experiments and theories in different 
fields of physics—electricity, magnetism, and optics—and 
gave them a simple mathematical formulation. Though in 
itself a triumph of mathematical physics, it depended for its 
verification on the establishment of accurate units for electricity, 
a task made necessary by the rise of the electrical industry. In 
turn. Maxwell’s equations were to form the theoretical basis of 
future electrical engineering, an intricate interplay of theory 
and practice. 

The electromagnetic theory was a crowning acliicvcment 
which realized the dream of Faraday that all the forces of 
Nature should be shown to be related, and, together with the 
laws of thermodynamics, seemed to imply a certain finality in 
physics—an idea that was to be rudely shattered in the twentieth 
century. It was, however, also to be a beginning, for its central 
concept—the theoretical necessity for the existence of electro¬ 
magnetic waves—was to lead to their experimental demonstra¬ 
tion by Hertz in 1888, and from this to their practical utilization 
in wireless telegraphy and all that was to result from it. 

The periodic table of elements 

In chemistry the period included one major g(‘ncralization, 
the periodic table of Mendeleev (p. 523), put forward in 1869, 
which also appeared at the time to set a limit to the existence 
of fundamentally different kinds of matter, l)ut which was 
actually to find its full interpretation in a new concept of matter 
no longer made of immutable atoms but by relatively imper¬ 
manent associations of a few fundamental particles themselves 
liable to change and transformation. Mendeleev was the 
Copernicus of the atomic system ; its Galileo and Newton were 
still to come. 

In organic chemistry, once the confusions due to a reluctance 
to accept the atomic theory had been overcome, there was a 
magnificent and ordered advance in the interpretation of the 
structures of natural substances and an even more impressive 
deliberate synthesis of new ones. By the end of the century 
chemical research was fully embedded as an essential part of 
the new chemical industry, which was now reaching out from 
its triumphs in synthetic dyes to those of synthetic drugs (p. 460). 
The chemists had so multiplied in numbers as to represent well 
over half of all workers in science. 
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Research laboratories 

This greater utilization of science and scientists called for 
large extensions in scientific education and in the organization 
of science. The only organizational innovation was the advent 
of the industrial research laboratory, which grew up almost 
imperceptibly from the workshop or private testing place of the 
inventor turned business man, such as Siemens or Edison. But 
university laboratories also grew, from the very fact that the 
new uses of science meant new jobs and attracted more and 
more students. Thus, despite all the protestations of disinter¬ 
estedness, the academic science of the period was ultimately 
dependent on the success of science in industry. Nevertheless 
it was left for the most part to the enjoyment of considerable 
liberty as long as it respected conventional limits in politics and 
religion. 

The dominance of German science 

I’hc largest increase was to be found in Germany, which, 
from the number of its universities, its newly founded 
Technisclic Hochschulen^ and its innumerable ^eitschriften and 
Handbiicher^ tended increasingly to dominate the scientific 
world towards the end of the century. Britain and France, 
relying on their own great traditions, resisted this tendency, 
but the German language became pre-eminently the inter¬ 
national language of science, and German professors set up a 
kind of scientific empire which covered all northern, central, 
and eastern Europe and exerted considerable influence on the 
science of Russia, the United States, and Japan. The German 
professor was on the way to becoming the model for the scientists 
of all the world. Like most of the German intellectuals, he 
had made his peace with the alliance of military feudalism 
and big business which ruled that newly industrialized and ex¬ 
panding State. That allegiance was to point to the next stage 
in the development of science, in which it was to come to be 
used in the service of the State predominantly for military ends. 

The great depression 

The end of the nineteenth century, like its beginning, was 
marked by a philosophical reaction tending to limit severely 
the field and significance of science. But whereas the early 
reaction was directed in opposition to the effects of the French 
Revolution, the later one w^as dictated by an anxious awareness 
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of a social revolution to come. In spite of the enormous new 
wealth that was being produced by industries ever more 
scientific in their operation, in spite of the prospects of further 
advance, the strains of society seemed to increase rather than 
diminish, and there could be no denying a sense of frustration 
and doom in the ranks of the cultured intellectuals, a Jin de sikle 
feeling that was to be only too well justified. Especially in 
Europe, Marxist Socialism seemed to be providing a hopeful 
alternative for the industrial working class. It was there, 
accordingly, that the current of philosophy was most directly 
affected, but Britain and America, for all their traditional in¬ 
difference to philosophy, were not immune. 

There was a turning back from the implicit and optimistic 
materialism of the mid-century towards the neo-positivism of 
Mach (1838-1916) and Ostwald (1853 1932), who, under the 
guise of purging science of unnecessary mental constructs, re¬ 
moved matter and replaced it by bundles of sensations or con¬ 
venient fictions. This philosophy and others like it, such as 
the elan vital of Bergson (1859-1941) and the pragmatism of 
William James (1842-1910), all tended to take the revolution¬ 
ary sting out of science, to laugh out of court any idea that it 
could be used to effect any significant improvement in the lot of 
man, and to make it acceptable to organized religion and the 
State (pp. 753 ^ 0 -. 

These philosophies were indeed only symptoms of the absorp¬ 
tion of science, as a consequence of its growing technical indis¬ 
pensability, into the machinery of capitalism. The change in 
the scientists’ attitude towards pure science and away from 
social responsibility was made easier by increased endowments, 
permitting greater specialization, and by a discreet distribution 
of honours and patronage. The very increase in the number of 
scientists also reinforced this tendency to conform and escape 
responsibility. By the end of the century, the independent 
scientists were a small minority. The majority drew their 
salaries from universities or from the Government, and more 
than ever assimilated the mentality of the ruling class. 

How far these conformist tendencies held back the develop¬ 
ment of science will always be hard to tell, because in actual 
history their influence was outweighed by the enormous ex¬ 
pansion in the scale of science itself. But that there was some 
such retarding effect seems to emerge from all detailed studies 
of the advance of particular sciences.®*® It is not so much that 
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phenomena have been missed or that, when observed, con¬ 
clusions that afterwards seem to he obvious have not been 
drawn from them, though this has certainly occurred over and 
over again; it is rather that in the social system of the late 
nineteenth century there existed no real sense of direction or 
idea of the relative significance of different fields of work. Had 
there been such, many of the great discoveries which were to 
come at the turn of the century could have been anticipated 
by twenty years or more. The effort wasted on fruitless re¬ 
fining of old theories would have amply sufficed to have 
brought the new to light. It may be said that such an idea 
was alien to science at the lime— some say it is so still—but 
there can be no doubt that the all-round, organized scientific 
drive of great periods, such as those of the mid-seventeenth and 
late eighteenth centuries, and even of the mid-nineteenth cen¬ 
tury, seemed to have vanished. It was not until the disturbed 
period of the twentieth century that it was to appear again in 
full vigour. 

This closes the account of the general development of science 
in the eighteenth and nineteenth centuries. A general appre¬ 
ciation of the achievements of that great era is deferred to the 
end of Chapter 9, after considering in more detail the progress 
of the separate sciences. 
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Chapter 9 

DEVELOPMENTS OF THE SCIENCES IN THE 
EIGHTEENTH AND NINETEENTH 
CENTURIES 

^.o-INTRODUCTION 

B v the time the eighteenth century is reached the relations 
of science with society can no longer be set out as one 
' simple time sequence. It was necessary to begin with 
such a sequence because without it the histories of the sciences 
remain mere chronicles; but by itself it conceals the inner 
connections of particular sciences that run on continuously over 
the whole period. In each science the parallel growth of 
understanding and control depends both on inner and outer 
factors. The inner determinants are the hard facts of Nature: 
the structure of matter and the events and characters of its 
evolution. The outer determinants are the technical, social, 
and economic capacities and drives that link with general 
history. These, though they may not determine what is found 
nut, are decisive in determining when and how new facts are 
brought into the cumulative tradition of science. To under¬ 
stand fully how this happens it would be necessary to follow 
the history of science in detail, with wider knowledge and critical 
ability than have usually been brought to bear on it hitherto. 
I can make no claim to do so here, but will try merely to exem¬ 
plify some of the principles of the interaction by a treatment in 
outline of some selected fields of science and technology that 
between them bring out the general character of the advances 
of the eighteenth and nineteenth centuries. 

The fields I have chosen arc those of Heat and Energy (9.1); 
Engineering and Metallurgy (9.2); Electricity and Magnetism 
(9.3); Chemistry (9.4); and Biology (9.5). In the last part 
of this chapter (9.6) I have attempted to pull together the 
material in this and the preceding chapter and to examine the 
lessons to be drawn from the time and subject sequences. The 
choice of subjects has been made to bring out the major features 
of the eighteenth-ninctccnth-century transition from a science 
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which was largely academic to one beginning to play an essen¬ 
tial part in economic life. In all but the second case, each 
subject includes one or more economically important develop¬ 
ments linked with the discovery of some principle of funda¬ 
mental scientific importance. Thus the first section contains 
the history of the steam-engine, and shows how attempts to 
increase its efficiency led to the discovery of the laws of con¬ 
servation and transformation of €n€rg]K The second section is, in a 
sense, an appendage of the first, for it w^as the exacting demands 
of the construction of steam-engines and steam-driven machin¬ 
ery that led to both the precision methods of metal-working and 
the production of improved metal in quantity, leading to the 
of steel. Here no great scientific principles are involved and 
the amount of science called on is relatively small. The value 
of the study of engineering is that it brings out first liow^ much 
of the mechanical transformation depended on simple wT)rkmen 
and secondly how essential precision metal-w^orking w as, both 
to industry and science. In the story of steel the emphasis is 
rather on the enormous technical and economic adv^ances that 
were achieved by the employment of relatively little scientific 
knowledge. 

In the third section, on electricity, we have a different case 
again—the study of the transformation of a subject of purely 
scientific and even frivolous interest into a major industry. 
At the same time it should serve to bring out how the applica¬ 
tions of the mathematical mechanics evolved in the seventeenth 
century to a field of entirely unexpected experience, w^re in 
the nineteenth able to create new generalizations of the greatest 
theoretical importance. The steps leading to the electro¬ 
magnetic theory of light arc comparable with those leading to 
Newton’s theory of gravitation. It represents in itself the 
second major unifying hypothesis w^hich gave nineteenth- 
century science its deceptively final character. 

The fourth section recounts the central advance of eighteenth- 
century science which resulted in bringing the field of chemistry, 
previously shared between blind empiricism and mystical 
alchemical theory, into the range of rational quantitative 
science. The pneumatic revolution associated with Priestley and 
Lavoisier represents the first large-scale extension of science 
beyond the region cultivated by the Greeks. Its overwhelm¬ 
ing importance in human history lies in the fact that it was also 
the first in which science entered, in a positive and profitable 
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way^ into a major productive industry. The subsequent close 
association of chemistry with the textile industries, with the 
passage from bleach and dyes to explosives and drugs, is the 
theme that accompanied and inspired organic chemistry in the 
nineteenth century. 

Finally, from the vast field of biological sciences I have tried 
to bring out two or three leading threads which determined 
directions of advance. Here we have, on the one hand, agri¬ 
cultural and medical preoccupations which led ultimately to 
microbiology and to Pasteur’s germ theory of disease. On the 
other hand, there is the passionate controversy on creation that 
was to lead through geology and natural history to Darwin’s 
establishment of organic evolution. There can be no doubt that 
of all the great achievements of nineteenth-century science, 
including the magnificent generalizations of physics, only 
evolution is comparable in importance to the Gopernican- 
Galilean dethronement of the earth as the centre of the uni¬ 
verse. Henceforth man himself found his place in Nature. 
Only by recognizing that he was an animal could he learn how^ 
different from his ancestors the operations of society and civiliza¬ 
tion had made him. With the acceptance of evolution the last 
link with the Aristotelian world-picture was snapped; but the 
logical implications of a man-made world in .the place of a 
celestial providential mechanism had yet to be drawn—a task 
that was to prove too difficult in the framework of capitalist 
society. 

By focusing attention on the major scientific and technical 
advances of the period, I inevitably over-simplify the picture 
and am forced to leave out whole sequences of topics that would 
be needed for a comprehensive treatment. There is, however, 
no reason to believe that the story they would tell would be of 
a different kind. I have said, for instance, little or nothing 
about the great development of optics that set in at the be¬ 
ginning of the nineteenth century, involving the discoveries of 
polarization and diffraction that led to the reappearance of the 
wave theory of light, nor about spectroscopy and spectral 
analysis. These developments were to multiply the number of 
instruments available to other sciences, to transform chemistry 
and astronomy, and, in the next century, to provide a clue to 
the structure of the atom (p. 522). The story of optics abounds 
in examples of the interplay of scientific and economic factors 
even in the nineteenth century, before the days of the cinema 
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and television, but there is no space to tell of them here. The 
discussions in the sections which follow should, however, show 
sufficient of the types of interaction to cover those of the fields 
which are not treated. 

g.i—HEAT AND ENERGY 

The study of heat and its transformations was one of great 
intellectual, and even greater technical and economic, impor¬ 
tance for the development of modern civilization. Originally, 
it was merely an extension of obsei'vations of Nature, of feelings 
of warmth and cold, of the operations of cooking, of the changes 
of the weather. There had been plenty of early speculations 
about heat. It was clearly connected with both life and fire, 
as also with violent action. 

The Ionian philosophers had, following even earlier legends, 
brought in heat and its opposite cold as the causes of the 
evolution of the universe—heat expanding and vaporizing, 
cold congealing and hardening. Aristotle, especially in his 
meteorology, fixed the doctrine of the qualities of hot and cold, 
which, with wet and dry, determined the canonical four ele¬ 
ments of fire (hot, dry), water (cold, wet), air (hot, wet), and 
earth (cold, dry) (p. 132). 

This doctrine, a fusion of chemistry and physics, was engraved 
for millennia in human thought, as much in China and India 
as in Europe. The doctrine of antagonistic elements was 
particularly important in medicine and seemed to be supported 
by the experience of chills and fevers. Indeed it is from 
medicine that came the first elementary ideas of heat measure¬ 
ment. Heat and cold were supposed each to be ranked in four 
degrees or steps, the first just perceptible, the fourth mortal.^* 
The object of heating or cooling medicines of the first, second, 
or third degree was to correct and temper its opposite, hence 
the idea of temperature. 

This philosophical medical doctrine survived and took new 
life in the Renaissance. Bacon, following Telesius, had even 
made the antithesis of heat and cold a central feature of his 
philosophy (p. 306). From the very earliest times heat was 
associated with the movement of airs and vapours, and it was 
largely through its connection with the pneumatic discoveries 
of the seventeenth century that it left the orbit of qualitative 
philosophy to enter that of quantitative science. Galileo had 
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constructed an air-expansion thermometer, and such thermo¬ 
meters, together with Torricelli’s barometer, were used for 
observation of the weather. 

The evolution of the steam-engine 

The line of advance in the quantitative study of heat was 
not, however, to lie through such investigations, but along the 
practical road of the utilization of the power of expansion to 
make heat do useful work. All through the seventeenth cen¬ 
tury the idea of “ raising water by fire ” fascinated ingenious 
projectors (p. 330). The problem was how to combine two 
ideas, both old, into a practical engine: first to fill an empty 
space with water by suction (or vacuum), and then to expel 
the contents by pressure exerted by expanding air, steam, or 
gas. De C4aus (1576-1626), a designer of the garden water¬ 
works so favoured in the sixteenth century, solved the problem 
practically even before the vacuum was realized. He lit a 
fire under an almost empty vessel of water connected by a pipe 
to a well; when it had boiled away and was full of steam he 
took the fire away and closed the steam vent, and water was 
sucked up to fill the empty space. Though scarcely practical, 
this contained the essential principle of a vacuum engine, but 
until van Guericke’s work (pp. 329 f.) its action could not be 
fully understood. Most of the scientists working on vacua had 
some idea of a practical engine but lacked the mechanical 
ability to make one that would work. The man who came 
nearest to it was Denis Papin, assistant to Huygens and Boyle 
in succession, who drew up the specifications of such a machine 
but could not raise the money to make it. He died in poverty 
in London. Wc have a pathetic letter from him to the Secre¬ 
tary of the Royal Society in 1708 asking for a sum of fifteen 
pounds for a ‘‘considerable experiment,” with the Society’s 
answer that it could not loan money unless assured of success in 
advance.^' 

The man who first succeeded in designing and financing a 
workable fire-driven pump was Captain Savery (1650-1715) of 
the Royal Engineers, who used two vessels alternately filled with 
steam to drive water out and then cooled to draw up more water, 
a method still in use in the “pulsometer” pump. Savery was 
no ordinary projector. He was fully aware, as his Patent 
Application entitled The Miners^ Friend shows,®*of the possible 
importance of the steam-engine, especially for draining mines, 
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where there was the greatest need for heavy continuous work. 
There he says: 

To the Gentlemen Adventurers in the Mines of England. 

I am very sensible a great many among you do as yet 
look on my invention of raising water by the impellent 
force of fire a useless sort of a project that never can answer 
my designs or pretensions; and that it is altogether im¬ 
possible that such an engine as this can be wrought under¬ 
ground and succeed in the raising of water^ and dreining 
your mineSj so as to deserve any incouragement from you. 
I am not very fond of lying under the scandal of a bare 
projector, and therefore present you here with a draught 
of my machine^ and lay before you the uses of it^ and leave 
it to your consideration whether it be worth your while to 
make use of it or no . . . 

For draining of mines and coal-pits, the use of the 
engine will sufficiently recommend itself in raising water 
so casie and cheap, and I do not doubt but that in a few 
years it will be a means of making our mining trade, which 
is no small part of the wealth of this kingdomc, double if 
not treble to what it now is. And if such vast quantities of 
lead, tin, and coals are now yearly exported, under the 
difficulties of such an immense charge and pains as the 
miners, etc., are now at to discharge their water, how much 
more may be hereafter exported when the charge will be 
very much lessen’d by the use of this engine every way 
fitted for the use of mines ? 

Nevertheless, Savery’s engine laboured under several practi¬ 
cal disadvantages, and its main value was to show that the 
problem could be solved. A more successful and practical 
engine was made in 1712 by the ironmonger Thomas New¬ 
comen of Dartmouth, who used a piston which was depressed 
by condensing steam in a cylinder connected directly to a low- 
pressure boiler. Newcomen’s engine did not, like Savery’s, 
need to be built at the bottom of the mineshaft, it required less 
attention, and, not depending on high steam pressure, it was 
much safer. Its introduction marked the first stage in the 
translation of the scientific principle of the vacuum or of 
atmospheric pressure into a machine that could be built by 
practical men and would not only work but also pay (Fig. 12). 

The fact that, as far as we know, Newcomen had no scientific 
training or connections is among the reasons that caused 

R. S. Meikleham in 1824 to repudiate the view that the steam- 
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engine was “ one of the noblest gifts of science to mankind.” 
“ There is no machine or mechanism,” he asserted, “ in which 
the little the theorists have done is more useless. It arose, was 
improved and perfected by working mechanics—and by them 
only.” These two extreme views as to the share of science in 
the origin of the steam-engine are not incompatible. It is doubt¬ 
ful whether the radical idea of vacuum pumping would ever have 
occurred to a mechanic, at least it did not before it occurred to 
a scientist; on the other hand, no scientist either had or could 
command the skill to solve the, no less essential, problems 
of making a wx)rking engine. As the sequel shows, the re¬ 
peated combination of radical scientific ideas and experienced 
craftsmanship was needed in the further development of 
engines. 

It says much for Newcomen’s ingenuity that no radical 
improvement in his engine was made for nearly seventy years, 
and that some of the engines themselves ran for more than a 
hundred. But it was limited in its use, its action was too 
irregular for anything but pumping and blowing, and it 
consumed enormous quantities of coal. Its further develop¬ 
ment had to call on an injection of new ideas from the side of 
science, in particular from the creation of a quantitative science 
of heat. 

Specific heat arid latent heat: Joseph Black 

Heat began to become a quantitative science with the gradual 
expansion and increase in scale of the industrial operations 
w^hich made the largest use of it. It grew out of the scientific 
appreciation of the experience of the distillers and salt-makers, 
who were accustomed to boiling and condensing liquids on a 
large scale, and then out of that of the makers and users of the 
early steam-engines. 

Dr Black, whose contribution to chemistry was to set off 
the pneumatic revolution (p. 448), was also the originator of 
the new view of heat. His approach was in the first place a 
medical-physical one. He was concerned with elucidating the 
nature of the element fire or heat that could pass through vessels 
and affect their contents. He found that different substances 
were heated to different degrees by the same amount of what 
he called the matter of heat.” This he discovered by the 
method of mixtures, which had first been used by Jean Morin 
(1583-“ 1656) —still working on the Arabic idea of four dc- 
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grees of heat balancing four degrees of cold—and carried it to 
the point of establishing the heat capacity or specific heat of 
different substances. It was at this point that he reflected on 
the fact that snow and ice took time to melt—that is absorbed 
heat without getting hotter—and that the heat must be hidden 
or latent in melted water. He next measured the large latent 
heat of steam^ which is reflected in the fact^ long known in the 
distillery trade, that it required a very much greater amount of 
heat to boil water away than to raise water to the boil. Further, 
the heat absorbed in boiling was recovered when the steam 
condensed again in the worm of the still, where the application 
of much cold water was needed to get rid of it (Fig. lo). 

James Watt: the separate condenser 

The first practical application of the discovery of latent heat 
was to be made by a young Glasgow instrument maker, James 
Watt,^-^® who was charged with repairing a model Newcomen 
engine for the university (note here again the reciprocal action 
of technique on science). He found that the trouble was due 
to the steam lost at each stroke by condensing in the cold 
cylinder. Black gave him the explanation in terms of his 
newly discovered latent heat, and not long after Watt hit upon 
the idea of condensing the steam separately. This invention of 
the separate condenser in 1765 was crucial for the development 
of the steam-engine, as it made it immensely more efficient. 
The condenser was only the starting point of Watt’s improve¬ 
ments. 

Matthew Boulton : the Soho Engifte Works 

Before a saleable engine could be made Watt had, after a 
relative failure in Roebuck’s Garron works, to go into partner¬ 
ship with great Matthew Boulton, the Birmingham manu¬ 
facturer (p. 373), and make use of the resources of the growing 
metal industry of the Black Country before the steam-engine 
could be turned from an idea into a reality, for, as Watt 
himself admitted with unconscious irony, ‘‘ the Scots were 
naturally incapable of becoming engineers.” Particularly 
valuable were the services of John Wilkinson’s cannon-boring 
machinery for providing true cylinders. By introducing the 
combination of flywheel, throttle, and centrifugal Watt 

made an engine capable of driving machinery at steady speed 
even against very variable loads. This device in itself is the 

4x7 



DEVELOPMENTS OF THE SCIENCES IN THE 

first example of feed-back or cybernetic control in industry (p. 
548). Appearing at the very outset of the great Industrial 
Revolution^ it was a portent of the automatism characteristic of 
the second industrial revolution of the twentieth century. 

Until Watt’s time steam-engines were only exceptionally 
used for mines well away from the coalfields; the Newcomen 
engine, even when improved by Smeaton (1724-92), was a 
paying proposition only in pumping coal-mines^ where coal 
was naturally extremely cheap. But with the more efficient 
and steady Watt engine the products of the whole field of heavy- 
metal mining in Cornwall and, later, the power for the industrial 
textile mills, which were spreading all over the country, be¬ 
came easily available and cheap. 

After a great struggle, for there were many economic and 
technical difficulties to overcome, the steam-engine won its way 
into every mining and and manufacturing district of Britain. 
Nor did it stop there, for Boulton believed in manufacturing 
for the whole world: steam-engines were set up in France, in 
Russia, and in Germany, most often by engineers from Britain. 

The locomotive and the marine engine 

The subsequent development of the steam-engine was con¬ 
ditioned by the technical and economic requirements it was 
called on to meet. Watt’s engine was satisfactory enough for 
most mine and factory purposes, but it was expensive, heavy 
for the power developed, and still used too much coal. Where 
lightness and high power were needed was for a locomotive 
engine. Here the answer lay, as Trevithick had shown as 
far back as 1801, in a high-pressure engine y dispensing with the 
condenser altogether and blowing the exhaust steam into the 

y^ir.5.23 

The locomotive got off to a fumbling start. It grew up in its 
natural home in the coalfields on the rail-way y between pit and 
landing staithe. Before it could possibly pay there were in¬ 
numerable problems to be solved, of drive, suspension, rails, 
permanent way, so that it is not surprising that here science had 
little part and that it was the self-taught colliery fireman’s son, 
George Stephenson, who went farthest in solving all of them.*'"*®^' 
His decisive invention, made almost by chance, was turning 
the exhaust steam into the funnel and thus, by urging the fire, 
getting enough power to beat the horses and reach the pheno¬ 
menal speed of twenty miles an hour. The acknowledged 
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triumph of the locomotive came with the Rainhills trials in 
1829 of the new Liverpool-Manchester railway, where his 
Rocket took the prize. 

The problem of adaptation to water transport was a very 
different one; there weight and size were not important but 
fuel economy was, for the steamer must carry its own coal. 
Indeed this limitation was to confine steamboats to river and 
coastal trade for most of the nineteenth century. The solution 
was found in the use of multiple expansion introduced by 
Hornblower (1743-1815) in 1781, but only slowly developed. 
No radical change, except the substitution of the screw for the 
paddle, was made until 1884, when Parsons’ turbine revolu¬ 
tionized power production. 

Interaction of economics and tedmiqne in the Industrial Revolution 

The history of the steam-engine shows how the necessary 
conditions for the Industrial Revolution were both economic 
and technical; economic, in the sense that the textile industry 
grew up to provide the consumer goods for sale in an expanding 
market; technical, in the sense that the new engines were the 
only means of providing the coal and motive power, and 
ultimately the transport, without which the expansion of the 
textile industry would have been impossible. 

For the most part the steam-engine was improved by practical 
engineers without any notable contribution from science. Its 
working did, however, attract the attention of many scientists 
who wished to understand it or even hoped to improve it. This 
study resulted in a much deeper appreciation of the laws 
governing the behaviour of gases and vapours—needed for 
drawing up steam tables—and was to lead to the new general 
conception in physics equating mechanical force and heat in 
theory, as the steam-engine already had in practice, in the 
common term of energy. 

The establishment of caloric 

Paradoxically, it was in France, where the steam-engine was 
a foreign importation, rather than in Britain, where it origin¬ 
ated, that its operation as a means of transforming heat into 
work was first given serious scientific study. The primary 
difficulty lay in the traditional ideas that existed as to what heat 
meant. As we have seen (p. 413), heat was confused with 
fire; even the vitally important animal heat was attributed 
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to an invisible the eighteenth century it was 

thought of as a material substance. Black’s ‘‘ matter of heat,” 
later to be christened caloric by Lavoisier. Though attempts to 
weigh it failed, this only showed it was an imponderable fluid 
like electricity or light.®*Lavoisier (p. 452) showed that this 
concept fitted very well with his idea of the generation of heat by 
chemical combination, particularly of combination with oxygen 
in a fire or in an animal body. 

Nevertheless, an entirely different tradition, that heat was a 
form of motion and not a substance at all, also existed and was 
of even greater antiquity. Centuries of experience with the 
fire-drill and the forge had shown that force could be turned 
into heat; the steam-engine now demonstrated that heat could 
be turned into force. But it also needed the steam-engine, the 
engine for raising water by means of fire,” to bring out the 
quantitative relations between heat and work. 

The early Newcomen steam-engine almost failed because the 
amount of work done by it hardly paid for the coals used, 
v'hich were veiy expensive away from mines or tidewater. A 
horse could do it cheaper. Watt himself, in order to assess 
what he was to charge for the use of his engines, had measured 
the work a horse could do in foot-pounds per minute and had 
expressed the power of the engines in his new universal horse-- 
power. The ingenious method by which the firm of Boulton 
and Watt managed to sell their engines was to offer to instal 
and service them free of cost; and to charge a royalty of one- 
third the saving of cost of either fuel or fodder over a New¬ 
comen engine or horse-gin.®* 

The converse action of turning horse-power into heat was 
first demonstrated by Count Rumford in Munich in 1798 
(p. 382). Always interested in heat, particularly in relation 
to its economical use, he had first noticed and then measured 
the heat given off in boring cannon. By showing that an inde¬ 
finite amount of heat could be produced from a limited amount 
of matter he had effectively disproved the material theory of 
heat, but this was not enough to establish the alternative 
theory. 

Carnot: the reversible heat-engine 

The transformation of heat in the boiler of an engine to 
power in the flywheel, though amply made use of, could not 
for a long time be brought into the orbit of exact science.®*® 
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Each engine had its own conversion factor of coal burnt into 
work done^ and this factor seemed to decrease as engines im¬ 
proved. No limit to efficiency seemed to be in sights yet 
such a limit must exist or perpetual motion would be possible. 
It was such considerations that led Sadi Carnot, one of the great 
unrecognized geniuses of the nineteenth century, to his Re¬ 
flexions sur la Puissance Motrice du Feu (1824). Sadi Carnot (1796- 
1832) was the son of Lazarc Carnot, the “ organizer of victory ” 
of the French Revolution. He was trained as an engineer at 
the new Ecole Polytechnique, and was one of the first to apply 
mathematical physical principles to the operation of the new 
machinery. 

Carnot conceived the steam-engine as a kind of mill in which 
caloric at a high temperature flowed through the engine and 
left it in the condenser at a low temperature; provided none 
w'as lost in the process the maximum possible work would be 
done. The test for this was the reversibility of the engine, 
which, acting as what wc now call a heat pumpy could use the 
same energy in reverse to raise the same amount of caloric 
from the low to the high temperature. He showed that even 
under this optimal condition of reversibility only a fraction of the 
heat put in could be changed into useful work. In other words, 
work could be done only by the transfer of heat between differ¬ 
ent temperatures, equivalent to what was later called the 
second law of thermodynamics, 

Carnot had gone further than this and had seen that some of 
the heat was actually transformed into work in the engine, and 
even found out how much. Before he could publish this know¬ 
ledge, however, he died of cholera, and his great discovery of 
the mechanical equivalent of heat remained buried in his note¬ 
books for fifty years. Meanwhile, his published work was also 
nearly forgotten till rescued by Clapeyron in 1832. Later, 
however, it was to form the fundamental basis of the new science 
of thermodynamics. The full elucidation of the relations 
between heat and work had yet to wait nearly another quarter 
of a century.®-® By that time it was long overdue. 

The conservation of energy: Mayery Jouley Helmholtz 

The first to estimate the mechanical equivalent of heat was 
Robert Mayer (1814-87), a ship’s doctor, in 1842. Soon after¬ 
wards it was also proposed by Joule (1818-89), a scientific 
amateur and the son of a wealthy brewer, and by von 

421 



DEVELOPMENTS OF THE SCIENCES IN THE 

Helmholtz (1821-94)a physiologist and physicist; and that sub¬ 
stantially the same idea^ though not so clearly expressed, seems 
to have occurred independently to at least five other physicists 
or engineers. The approaches of the three principal discoverers 
were characteristically different. Mayer was led to the con¬ 
ception by general philosophical considerations of a cosmical 
kind. He was struck by the analogy between the vis viva 
(energy) gained by bodies falling under gravity and the heat 
given off by compressed gases. Joule was led to the idea first 
by experiments aimed at finding out how far the new electric 
motor could become a practical source of power. In showing 
that it could not, because all the power came from the burning 
up of the very expensive zinc in the battery that drove it, he 
was led to consider the quantitative equivalence of work and 
heat. This he communicated to the British Association at 
Cork in 1843, received scant attention. The Royal Society 
refused to publish his paper in full, and Joule had to batter his 
way to recognition by ever more accurate experiments. 

Helmholtz in 1847, by an attempt to generalize the New¬ 
tonian conception of motion to that of a large number of bodies 
acting under mutual attraction, showed that the sum of force 
and tension, what we would now call kinetic and potential 
energy, remained the same. This is the principle of the Con¬ 
servation of energy) in its most formal sense, but it was important 
in that it reconciled the new doctrines of heat with the older 
ones of mechanics, a process that was to be largely completed 
by William Thomson, later Lord Kelvin, a friend of both 
Joule and Helmholtz, in his paper The Dynamical Equivalent of 
Heat (1851). 

However varied the approach, all the discoverers were 
influenced, and more directly than indirectly, by the atmo¬ 
sphere of the age of steam,^-'^ and particularly by the loco¬ 
motive. As Mayer remarked: “ It is in the locomotive that 
heat is distilled out of the boiler, turned into mechanical work 
in the moving wheels, and condensed again to heat in the axles, 
tyres and rails.” 

The principle of the conservation of energy, of which mechani¬ 
cal work, electricity, and heat were only different forms, was 
the greatest physical discovery of the middle of the nineteenth 
century. It brought many sciences together and it fitted very 
well into the trend of the times. Energy became the universal 
currency of physics—the gold standard, as it were, of changes in 
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the universe (p, 121). What had been established was a fixed 
rate of exchange between the different energy currencies: 
between the calories of heat^ the foot-pounds of work, and the 
kilowatt-hours of electricity. The whole of human activity— 
industry, transport, lighting, ultimately food and life itself— 
was seen to depend on this one common term: energp. 

The availability of energy 

In the latter part of the century, however, the doctrine of 
energy which had seemed so optimistic was seriously modified 
by the realization that the second law of thermodynamics 
showed that it was not so much the quantity of energy in the 
universe but its availability that mattered, and that this was 
always decreasing. In the molecular terms of Maxwell, any 
system starting with fast (hot) molecules and slow (cold) 
molecules would end up with most of the molecules moving at 
intermediate speeds (tepid) or, in the expression of Gibbs 
(1839-1903), the muddlcd-upncss (entropy) of a system always 
tended to increase. 

If the universe was treated as a whole, it appeared inevitable 
that the sources of heat would gradually wear themselves out 
into a universal tepidness, the so-called “ heat death ’’ of the 
universe. Kelvin, the great propagator of this idea, seemed 
almost to rejoice in this prospect of a universal mediocrity. 
Coming nearer home, he was able to prove that the sun could 
not have been shining indefinitely, and thus that the earth 
could not have existed for more than a few hundred million 
years. This was fixr less time than the geologists required to 
explain evolution, but the authority of the physicists carried the 
day. They were wrong, for this prediction, like many others, 
was doomed to be violently upset by the discovery of new sources 
of power in the atom of an altogether greater order of magnitude. 

11 is only fair to Kelvin to point out that he guarded himself 
against this by qualifying his predictions: “Unless sources 
now unknown to us arc prepared in the great storehouse of 
creation.” 

The philosophy of energy: Mach, Ostwald, and the new positivism 

It was in this period, too, that the knowledge of thermo¬ 
dynamics began to reach into chemistry and even into biology, 
thanks largely to the works of le Chatelier (1850-1936) and 
Gibbs (1839-1903).®’® It seemed for a while as if the whole of 

423 



DEVELOPMENTS OF THE SCIENCES IN THE 


natural phenomena could be explained in terms of simple 
observables of mechanical energy and heat^ and this, in the 
hands of philosophers like Mach and chemists like Ostwald, 
seemed to promise an escape from the awkward materialism 
and radicalism of the atomic theory. 

A new positivism appeared which stated that matter and 
physical hypotheses such as atoms were no longer necessary, 
and that the whole of science could be deduced directly from 
elementary observations. The kinetic theory of heat, evolved 
by Maxwell in 1866 and implying the existence of atoms, was 
in contradiction to this tendency. Maxwell’s atoms, however, 
were entirely hypothetical and new evidence was needed before 
they could be accepted as measurable and countable material 
objects. 


^, 2 -ENGINEERING AND METALLURGT 

One dominant feature of the eighteenth and nineteenth 
centuries was the triumph of the machine. Here, however, 
the part of science is still a relatively minor one. For both in 
engineering and metallurgy the technical element, based on 
the tradition of hand work, and the economic element, based 
on profitability, were predominant. Nevertheless the scientific 
clement was always active and grew steadily in importance, 
preparing the way for the lead it was to take in the twentieth 
century. 

The history of engineering in its great creative phase of the 
eighteenth and nineteenth centuries marks a continuous inter¬ 
play between the growing requirements of commerce and 
industry, and the new means of operation—machinery, engines, 
materials, which created new possibilities of profitable use. 
It was the need for more yarn and more cloth that led to the 
first introduction of textile machinery; the need for more coal, 
to the first steam-engines; the need for cheap transport of 
ever more abundant goods led to improvement in ports, canals, 
roads, bridges, and to the radical innovation of railways (p. 389). 
However, no sooner was some new mechanism or material 
developed to meet these needs than new ventures and extensions 
to other hitherto impossible or unthought-of uses became 
possible. Thus the steam-engine, first developed for pumping, 
was adapted next to blowing furnaces and hammering iron, 
and then to supplant the water-wheel in driving machinery. 
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Later stilly mounted on a boat or a wagon^ it became auto¬ 
motive and gave birth to the steamship and railway. In a 
similar way, cheap iron and cheap steel, called into being by 
specific needs of machine construction, provoked a revolution 
in the construction of further machines, vehicles, ships, and 
buildings. 

7 he engineers 

At every stage in the development of machinery and metals 
the handicraftsmen were busy trying out new devices and 
absorbing as much science as they could turn to use; and the 
scientists were perforce learning the trades so that they could 
understand the principles underlying them. The process is 
one we can study through the medium of the biographies of 
the engineers of the great period from 1750 to 1850, and here 
we are fortunately well supplied through the work of the great 
historian of industrial Britain, Samuel Smiles,^*and also 
that of a new generation of more scholarly historians such as 
Dickinson 5*26 -28 ^tnd other members of the Newcomen Society. 
In Britain, for long the centre of the Industrial Revolution, the 
engineers for the most part began as simple workmen, skilful 
and ambitious but usually illiterate or self-taught. They were 
either millwrights like Bramah, mechanics like Murdock and 
George Stephenson, or smiths like Newcomen and Maudslay, 
Hardly separable from them, except for their closer connection 
with science, were instrument-makers like Smeaton and Watt, 
artists like Nasmyth (1808-90), or mining engineers like 
Trevithick. In France, where the workshop played a smaller 
part and the State and the military schools a larger one, the 
school-trained engineers predominated : men like Jars, Monge, 
Poncelet, Fourneyron, Sadi Carnot, and Marc Brunei (1769- 
1849), ^ gift French engineering to Britain. In the later 
period, after 1850, scientific predominance is more marked, 
and with it the new importance of Germany in major develop¬ 
ments ; Britain has only Parsons to balance against Germany’s 
Siemens family, Otto, and Diesel. 

The major trends of the whole period of the Industrial 
Revolution were in the invention of ever more ingenious 
mechanisms and in the steadily improved performance of 
machines and structures. Except where new physical prin¬ 
ciples were involved for the first time, as in new heat-engines 
and electrical machines, neither made much demand on science. 
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The design of mechanisms^ mostly in imitation of a human 
workman’s activities, involved a practical kind of mechanical 
mathematics too complicated to be learned at school, and 
stemming rather from the traditional ingenuities of the clock- 
maker and locksmith. To be successful, however, this had to 
be matched with a shrewd appreciation of the needs of the 
industry of the time and a knowledge of where labour saving 
was likely to be possible and profitable. As these kinds of 
judgment rarely ran together, the exploiter of inventions— 
like Arkwright (p. 368), the great promoter of the Industrial 
Revolution in the cotton trade—usually tended to supplant 
the mere inventor, who was as likely as not to be ruined; but 
the machines got built. From 1750 onwards the combination 
of inventor-exploiter was invincible. Ingenious mechanical 
substitutes for human hands spread from the textile industries 
to hundreds of others, both in the manufacture of consumption 
goods and in the metal and machine industry itself. They 
even invaded the oldest traditional occupations of agriculture 
and food processing, especially in America, where, despite 
slavery, good land was more abundant than were people to 
work it. Varied as they were and great as was their effect on 
the growth of civilization, the mechanisms of the eighteenth 
and nineteenth centuries were combinations of old principles, 
rather than applications of new as were to be those of the 
twentieth, and consequently they neither owed much, nor gave 
much, to science. 

Efficiency and utility : the turbine and the internal-combustion engine 

The improvement of the performance of machinery and 
engines, almost exclusively steam-engines, was to be the task 
of successive generations of engineers. Through most of the 
period it was largely a question of adapting the engine to its 
various uses, and steadily increasing its power yield per unit of 
weight of fuel or prime cost, by detailed improvements and 
better design. In the latter part of the nineteenth century 
Carnot’s ideas, and the thermodynamics built on them, 
gradually permeated the engineering world; but these ideas 
were more effective in the revolutionary sense of leading to the 
turbine, the internal-combustion engine, and the refrigerator 
rather than in improving the old reciprocating engine. 

The new developments were to split the world of power 
generation into two more manageable and adaptable halves. 
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The internal-combustion engine was to lead to the light power unit^ 
to the motor vehicle^ and later to the aeroplane; the steam 
turbine to giant ship propulsion and to the generation of distri¬ 
butable electrical energy. Though products of the nineteenth 
century^ they were to find their field of effectiveness only in the 
twentieth (p. 561). 

Engineering construction : the machine tool 
The opportunities for profit arising from tlie use of machinery 
called into being the machine-building industry; and this in 
turn was to create a revolution in handicraft^ taking the 
mechanical process one stage further and using machines to 
make machines. Of these the first and most important were 
Maudslay’s slide-rest and screw-cutting lathes (Fig. 13). ' 

The debt of this revolution to science was small^ and limited to 
the control of eye and fit judgments by a more rigorous applica¬ 
tion of geometry, such asMaudslay’s plane and micrometer and 
Whitworth’s standard screws. Here the old tradition of the 
millwright and clockmaker blended continuously into that of 
the new mechanical engineer. The conditions that made this 
possible was the availability of metals—first iron and then 
steel—capable of taking the new precise shapes^ and that of the 
mechanical power to work them. Only towards the middle 
of the nineteenth century did the tasks of engineering begin to 
get beyond the scale of resources of the Ancients. Nasmyth’s 
steam-hammer broke once and for all the traditions of Vulcan’s 
forgCj and the building of machines became a mcichine-sized 
and no longer a man-sized job.'^*^^ 

Though the actual production of precisely finished metal 
parts owed little to science^ depending as it did on the smooth 
performance of machines, it was to be the way in which 
mechanical engineering could itself become scientific. The 
most elaborate mathematical applications of Newtonian 
mechanics in the eighteenth century were of little use to 
practical engineers, because machinery could not be made 
accurately enough except by the highest craftsmanship and for 
quite exceptional machines like clocks. Even for the vital 
needs of war, guns could not be made with sufficiently smooth 
and uniform bore to enable any serious use to be made of the 
well-established theories of ballistics.'**®® With precision metal¬ 
cutting all this changed, and the performance of mechanical 
devices could be calculated from the drawing-board with some 
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chance of predicting performance in advance. It was also to 
open the way to the use of interchangeable parts^ and thus to 
the mass-production methods of the twentieth century. The 
first anticipation of this were Eli Whitney’s (1765-1825) musket 
factory in 1800 and the factory for naval stores which Sir 
Samuel Bentham^ Jeremy Bentham’s brother^ set up iii Russia 
in 1784, and which afterwards led to the British Admiralty 
block factory in which the machines were made by Maudslay. 
Both were, significantly, technology for war. 

The metal revolutions 

The demands for new machinery, particularly the heavy 
machinery for mines and later that for railways, ships, and 
buildings, not to mention the ever-recurring military claims, 
could only have been satisfied by an ever-increasing flow of 
metal, and of metal of better and better quality. The ready 
availability of iron and steel, and the revolution in metallurgical 
technique that this entailed, were factors in the Industrial 
Revolution of comparable importance to the invention of 
textile machinery and to the steam-engine. Here again, as 
in the case of machine-building, the metallurgical revolution 
owed much to practical men and little enough to science until 
the crucial stage in large-scale steel production towards the 
end of the nineteenth century. 

The metallurgy of iron and steel had been practised as a 
craft for at least 3,000 years. The skill of medieval smiths, of 
both the East and West, could hardly be improved on. But 
their products, carefully hand-made, were costly and the 
quantity available was limited to supplying the fairly static 
demands for axes, horseshoes, ploughshares, arms, and armour. 
The new demands for artillery for the wars of the sixteenth 
century strained production in western Europe to the limit, 
even after the radical invention of cast iron (p. 283). For 
basic iron production still depended on wood charcoal, and the 
progressive exhaustion of supplies drove the iron industry 
into the forests of Sweden, Russia, and America. 

The age of iron 

It was this limitation, in the face of the ever-increasing 
demands of growing commerce and industry, that forced the 
revolutionary transition from wood charcoal to charked pit coal 
or coke in the early eighteenth century, and this completely 
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established the dominance of the coalfields over the forests^ for 
coal as a domestic and industrial fuel had already supplanted 
wood. Though the possibility of using coal for making iron 
had long been appreciated, as we have seen (p. 285), actual 
success turned on the solving of numerous physical and chemical 
problems quite beyond the science of the day. They had to 
be solved in practice together with the overriding problem 
of selling at a profit. The failure of the first projectors lay 
largely, as in Sturtevant’s case, with over-ambitious financing 
and attempts to enforce monopolies (p. 285 f.). 

Only the perseverance and the probity of the Quaker 
family of the Darbys of Coalbrookdale overcame all these 
obstacles, and by the middle of the eighteenth century had 
inaugurated the era of cheap cast iron. The price of pig iron 
in 1728 was a ton, by 1802 it had fallen to But cast 

iron had its limits. True, rails, pillars, bridges, wheels, engine 
cylinders could be made of it, but not tools or the working 
parts of engines. Wherever tension or toughness was needed, 
wrought iron had to be used, and steel if hardness and springi¬ 
ness were needed as well. Partial solutions to the production 
of these were found with Huntsman’s crucible steel, 1740, and 
Cort’s puddling and rolling process, 1784, both inventions 
involving much intelligence but owing nothing to official 
science. Earlier in the eighteenth century Reaumur’s work on 
UArt de Convertir le Fer Forge en Acier (1722) revealed both the 
limitations and the possibilities of the science of the time. 
Reaumur had been able by careful experiment to solve the 
mystery of the steel-makers, a secret guarded from the time of 
the Chalybes (p. 102), that steel is iron containing not too 
much and not too little carbon. He found he could make it 
by melting cast iron and wrought iron together. He published 
his results, and in doing so penned one of the noblest defences 
of freedom of scientific publication,^but no one took any 
advantage of them. Either the ironmasters could not read or 
they found Reaumur’s recipes impracticable. 

Throughout the late eighteenth and early nineteenth cen¬ 
turies the production of iron went on at full blast, with that of 
steel lagging far behind. Improvements were all in the 
direction of speeding up the process by the use of a compressed 
and then a hot blast introduced by Neilson (1792-1865), a 
gas-works chemist.^-^ They involved little more than the use 
of the new mechanical powers to transform an age-old process. 
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The age of steel: Bessemery SiemenSy Gilchrist Thomas 

The decisive break came with the radical innovations of 
Bessemer in discovering a way of making cast steel on a large 
scale. In his converter^ air^ blown through melted pig iron^ 
burns away the carbon, producing enough heat to keep the 
resulting steel melted. This may be called a semi-scientific 
result, for though it lacked a theoretical foundation it was 
arrived at by experimentation. Bessemer was not a scientist 
but a typical inventor, who knew just enough and not too much 
science and had a little experience of metals, but not in the iron 
industry.^-'^’ It is notable that neither the ironmasters 
nor the professors of metallurgy ever proposed any such crazy 
processes; they knew enough to be sure that they would 
not work. 

Soon after the appearance of Bessemer steel in 1856 an older 
process took on a new lease of life through the application to 
the open-hearth or reverberatory furnace of Siemen’s principle 
of heat regeneration, by which the temperature can be raised 
by using the spent hot gases to heat the incoming air. In this 
way large charges of steel could be melted and Reaumur’s 
process could be used starting from pig, scrap, and ore. From 
1867 on the open-hearth became a serious riv^al to the 
Bessemer converter. 

Both processes had one serious limitation: they were usable 
only with relatively pure iron ores (which were not of wide¬ 
spread occurrence) such as those of Sweden, Spain, and Lake 
Superior. Before they could be used for the more abundant 
sedimentary ores of Cleveland and Lorraine one final improve¬ 
ment had to be made: the introduction of the basic lining to 
absorb the deleterious phosphorus. This was the discovery 
of Gilchrist Thomas in 1879, and is significant not so much 
because of the magnitude of its consequences, but because it 
was scientific through and through.-'^*®^ Though Thomas 
had to earn his living as a police-court clerk in Stepney, he 
was a master of metallurgical theory; he understood exactly 
what he was trying to do and the experiments he made in a 
London cellar could be translated successfully within three 
years to full-scale production. His work is a portent of the 
industrial research of the next century. 

These three processes together inaugurated the age of steel, 
first rapidly completing the displacement of wood as a structural 
material in engineering, and then that of cast iron for rails, 
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shipSj and guns. Cheap steel was the basis on which the 
imperialism of the late nineteenth century was to be built, with 
its emphasis on ocean commerce, the exploitation of tropical 
colonics with railway and port developments and its ever more 
costly preparations for naval and land warfare. 

^.^—ELECTRICITY A.ND MAGNETISM 

The first new science to arise after the end of the Newtonian 
period was electricity, in part because it was almost the only 
aspect of physical science to which Newton himself had not 
devoted his attention, and accordingly where his great prestige 
did not frighten off lesser investigators. Electricity had had a 
long and legendary past. From the earliest times we know of, 
men had treasured amber and probably noticed its power, 
when rubbed, of attracting small bodies. It was natural to 
make the analogy between this and the much stronger power 
of attraction of the magnet; natural, too, to assimilate both 
of them into the general magical thinking of ancient times. 
The doctrine of affinities and attractions, the whole idea of 
virtue residing in a special kind of substance and being 
evoked by appropriate treatment, was exemplified in amber 
and even more so in the magnet, because of its 'magical 
properly of transferring its virtue to other objects by touching 
th(un. 

The science of magnetism, however, only began when this 
virtue could be used to good purpose, as in the mariner’s com¬ 
pass (p. 235). We have already discussed some of the steps 
by which the study of the compass led through Peter the Pil¬ 
grim and Robert Norman to Gilbert and the beginning of the 
scientific study of magnetism (p. 299). 

Gilbert’s De Magnete was not only concerned with magnets; 
it included a generalization of the attractive principle to cover 
that of amber and the invention of the first electrical instrument, 
the balanced pointer or versorium, the later descendants of 
which, electroscopes and galvanometers, were to give so many 
pointer readings to science. 

Early electricity: effects of friction 

Although, as we have seen, Gilbert’s magnetism was to be an 
inspiration to the formation of a theory of gravitation, his 
electrical experiments were hardly developed beyond the point 
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at which he left them throughout the whole of the great experi¬ 
mental period of the seventeenth century. In its early stages 
it did not seem to promise any profitable application. It was 
a philosophic toy and as such lay a little outside the interests of 
the time, which were turned so largely to mechanics and the 
vacuum. Nevertheless, some experiments were made in con¬ 
nection with the vacuum which provided the link with the great 
developments that were to come later. Von Guericke, the 
inventor of the vacuum pump, in about 1665 developed the 
rotating globe or sphere from which, by friction, he drew sparks. 
This was to be the type of the electrical machines of the next 
hundred years; but for him it was a model to illustrate his 
cosmological theories. Picard (1620-82) noticed in 1675 that 
a barometer shaken in the dark gave a green light—the mer¬ 
curial phosphorus. This roused the interest of Hauksbee 
(d. c. 1713), Newton’s assistant, at the beginning of the eigh¬ 
teenth century. He showed that friction at the same time as 
generating electricity could produce luminous effects in a 
vacuum—the forerunner of all our fluorescent lighting—but 
he made no advance in understanding how they occurred. 

Gray: conductors and non-conductors 
It was the interest of the English amateur Stephen Gray 
(d. 1736), in tliese experiments, that led him in 1729 to an 
illuminating discovery of the transmission of electricity. Al¬ 
most by accident to start with, but then logically step by step, 
he was led to the idea that electricity, produced by rubbing a 
glass tube, could be communicated over large distances. His 
first observation was that the corks he had put in the ends of 
his tube attracted small pieces of paper or metal. Next he 
thought of sticks at the end of the corks, then knobs at the end 
of the sticks, then balls attached to strings, all of which attracted 
just as well. Finally he led the electricity out of his room by 
packthread on silk loops right round the garden and produced 
what was effectively the first electric telegraph. The funda¬ 
mental discovery he had made was that electricity was some¬ 
thing that could flow from one place to another without any 
appearance of movement of matter—that it was weightless, 
an imponderable fluid. Electricity could be held in the bodies 
like glass or silk in which it was generated. These he called 
the electrics —what we now call non-conductors or dielectrics— 
and electricity could not flow through them. On the other 
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hand electricity flowed through metals or damp string and could 
not be generated in them. They were the non-electrics or 
conductors, 

Dufay : two kinds of electricity 

The news of these experiments, so simple and interesting, 
soon got round and began to make electricity a fashionable and 
amusing subject which a few amateurs here and there followed 
up. Dufay in France found in 1733 that there were two kinds 
of electricity, vitreous and resinous, according to whether amber 
or glass was rubbed. Many people began to build electrical 
machines to try all kinds of experiments and even to exhibit 
them for money. 

The Leyden jar and the electric shock 

A fairly obvious idea was that of trying to store the electric 
fluid in bottles. In 1745 von Klcist (d. 1748), a Pomeranian 
clergyman, attempted to pass electricity into a bottle through a 
nail. Touching the nail while holding the bottle in his other 
hand he received what must have been the first artificially 
produced electric shock. Some months later, and apparently 
independently, Musschenbroek (1692-'! 761) reported a similar 
experiment from Holland. As he was a scientific apparatus 
maker, with numerous connections in the learned world, his 
name is usually associated with what is still called the Leyden jar. 

This discovery had a literally explosive effect. Everybody 
wanted to try the shock and to see it tried on other people. 
Electricity became the high fashion in courts. The king of 
France organized the electrification of his whole brigade of 
guards, who were made to jump in unison by shocks from 
batteries of Leyden jars. 

Franklin : positive and negative electricity 

So much was electricity the rage that Franklin (p. 371):, in 
remote Philadelphia, heard of it and sent for some electrical 
apparatus. With his robust common sense and apparatus of 
his own devising, he was able to see through the confusions of 
previous electric experiments and proposed the explanation, 
which holds to this day, that there are not two kinds of electricity 
but one. He imagined it as a kind of immaterial fluid existing 
in all bodies, undetectable as long as they were saturated with 
it. If some was added they became positively charged, if some 
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was removed—negatively. The tendency of the electric fluid 
to reach its true level was the cause of electric attractions and, 
when strong enough, of sparks and shocks. If we replace the 
fluid by practically weightless electrons and change the sign 
of the charge, — for +, for it is a negatively charged body that 
has an excess of electrons, Franklin’s explanation becomes the 
modern theory of electric charge. 

The lightning conductor 

This simplification , together with an explanation of the action 
of the Leyden jar, were Franklin’s serious contributions to 
electrical theory and immediately established his scientific 
reputation. But what really impressed the world at large was 
his appreciating the analogy between the electric spark of the 
laboratory and the lightning which he snatched from the sky 
with his kite and showed that it was electricity. From this he, 
in his practical way, immediately drew the conclusion that it 
would be possible to prevent the damage due to lightning, 
particularly heavy in the New World, by the lightning conductor 
which he tried out in 1753. With this invention electrical 
science became for the first time of practical use. Franklin’s 
patriotic, or rebel, tendencies had a curious by-effect in England, 
where in 1780 King George III insisted that the lightning con¬ 
ductors at Kew Palace should have round knobs, instead of 
the sharp points Franklin had proposed, and Sir John Pringle 
(1707-82), the President of the Royal Society, who could not 
agree, was induced to resign. A contemporary wit summed 
up the controversy with this epigram: 

While you, great George, for safety hunt, 

And sharp conductors change for blunt, 

The nation's out of joint. 

Franklin a wiser course pursues, 

And all your thunder fearless views, 

By keeping to the point. 

Coulomb and the laiv of attraction 

Despite all these advances electricity and magnetism re¬ 
mained mysterious imponderable fluids, and their quantitative 
study could not begin until some method could be found of 
measuring them. This was the work of Coulomb (1738- 
1806) in 1785, undertaken, significantly, with the object of 
improving the mariner’s compass.®*^® He found a way of 
suspending the needle on a fine fibre and used it to measure 
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the forces between magnetic poles and later between electrical 
charges. This is the torsion balance, the prototype of most 
sensitive electrical instruments of today, which was also inde¬ 
pendently developed by Michell (1724-93) and used by 
Cavendish (1731-1810). With it Coulomb established what 
had already been surmised for some years, that the forces 
between magnetic poles as well as those between charges of 
electricity obeyed the same laws as those of gravity, that is, a 
force proportional inversely to the distance. The same con¬ 
clusion had already been seen to follow from the observation, 
made by Priestley in 1766 and more carefully by Cavendish in 
1771, that no charge was to be found inside a charged conductor. 
These experiments enabled the whole apparatus of Newtonian 
mechanics to be applied to electricity, but with this difference: 
that in electricity repulsive as well as attractive forces were to 
be found. 

Animal electricity: Galvani 

The immediate development of electricity was not, however, 
to lie along this quantitative line. Once again, as in the case 
of the Leyden jar, human and animal sensation came in to 
reinforce and direct the progress of physics. Acute observers 
had noticed that there was a close similarity between the shocks 
given by the Leyden jar and those produced by various electric 
fishes, particularly by the electric ray (or torpedo—the putter 
to sleep ”). Cavendish in 1776 had actually made a working 
model torpedo out of leather, connected to a battery of Leyden 
jars.®*^"^' This led to the concept of animal electricity, and 
many confused and ineffectual attempts were made to discover 
it until in 1780 Galvani (1737-98), professor of anatomy at 
Bologna, happened to make experiments in which animal pre¬ 
parations were mixed up with electrical apparatus. He 
noticed that several pairs of frogs’ legs contracted whenever 
there was a spark. It was six years, however, before he 
observed that it was not really necessary to have the electrical 
apparatus, that the frogs’ legs would contract if two different 
metals in contact were applied to the nerve and the muscle. 

The electric current and the battery: Volta 

Galvani had in fact discovered current electricity but he did 
not recognize it. His interest in the physiology of nerves caused 
him to sec his experiments rather as proof of animal electricity. 
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It required the more logical mind of his compatriot Alessandro 
Volta (1745-1827)3 Professor of Physics at Pavia^ to understand 
what he had done. In 1795 Volta showed how to produce 
electricity without any animal at all by simply putting two 
different pieces of metal together^ with liquid or a damp cloth 
between thcm^ and he thus produced the first electrical current 
battery 

The progress of electricity in the closing decades of the 
eighteenth century is a clear example of the converging effects 
of all the sciences, and the particular stimulus given in that 
time of revolution to everything at once novel and useful. On 
account of its physiological effects electricity interested doctors 
and quacks looking for new methods of treatment. Among 
them was Dr John Graham, whose Temple of Health was 
presided over by Miss Emma Lyons, afterwards Lady Hamilton. 
At the same time, and also partly through the doctors, electricity 
was drawn into the service of the then culminating pneumatic 
revolution in chemistry (p. 447). In 1800 Dr Carlisle (1748- 
1840), a London surgeon, and his friend William Nicholson 
(1753-1816), an engineer, commercial traveller, and scientific 
publisher, used the newly invented battery to decompose water 
into its constituents—oxygen and hydrogen (p. 450). Thus 
they settled a crucial problem in chemistry and started the new 
sub-science of electrochemistry. 

Galvanic batteries soon were as much a necessity for a well- 
equipped laboratory as batteries of Leyden jars had been fifty 
years before. But at first they were even more expensive, and 
only the wealthiest could build large ones. Thus it fell to 
Davy in 1802 to produce the new metals, sodium and potassium, 
by the use of the world’s largest battery at the Royal Institution. 
These experiments brought electricity out of its isolation, as a 
set of peculiar phenomena, and linked it with the general body 
of science. It was beginning to show a promise of use as well 
as interest. The promise could, however, not be fulfilled for 
some decades, until a connection had been found between 
electricity and magnetism. 

Except for the discovery that the electricity from the Galvanic 
cell and that from the frictional machine were of the same kind, 
though vastly different in quantity and intensity, the nature of 
the electric current was to remain shrouded in mystery for 
another twenty years. Currents from batteries were variable 
and unpredictable and it was impossible to subject them to 
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measurement until an entirely different effect of the current 
was discovered. 

Electromagnetism 

The multiple analogies between electricity and magnetism 
made physicists think that there must be some connection 
between them, but it was one very difficult to find. It was not 
until 1820, that through another accident at the lecture table, 
Oersted (1757-'1851) in Copenhagen found that the electric 
current deflected a compass needle. He thus joined together, 
once and for all, the sciences of electricity and magnetism. 
One immediate consequence was the invention by Sturgeon 
(i743'-i85o) in 1823 electromagnet and its improvement 

by Henry (1799-1878) in 1831.®-® At one remove it led to 
that of the electric telegraph and the electric motor. 

The deflection of the compass by the electric current also 
had enormous theoretical importance. In the hands of 
Ampere (1775-1836), Gauss (1777-1855), and Ohm (1787- 
1854) it led to the understanding of the magnetic fields pro¬ 
duced by currents and of the way these flowed through con¬ 
ductors. Current electricity could now become a quantitative 
science and take over all the mathematical apparatus of 
mechanics. Nevertheless, in one important and puzzling 
respect the new laws differed from those of Newton. All the 
forces between bodies that he considered, acted along the line 
joining their centres; but here a magnetic pole was urged to 
move at right angles to the line joining it to the current-carrying 
wire. This was the first break from the simple scalar field 
theory, and opened the way to a more inclusive vector theory 
where direction as well as distance counted. It was these 
physical discoveries that were to give a new impetus to mathe¬ 
matics and to wean it from the now sterile adherence to the 
Newtonian tradition. 

Accidental discoveries ? 

It is interesting to reflect on the sequence of apparently 
accidental discoveries that led to this stage of knowledge. 
At first sight it seems to reinforce the idea that science is entirely 
unpredictable and depends entirely on purely chance dis¬ 
coveries. Actually, now that we know the character of some 
of the relations between different aspects of Nature, we can see 
that it must have been extremely difficult in the long run not 
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to have hit upon them in one way, if not in another. Oersted, 
inspired by the unitary ideas of Naturphilosophic^ had certainly 
been looking for the connection between electricity and mag¬ 
netism for thirteen years, but his actual discovery was not the 
result of any deliberate planning. In this case, as there were 
so many people playing with electric currents and compass 
* needles at that time, someone could hardly fail sooner or later to 
notice their interaction. Many probably did and thought no 
more of it. The difficulty in science is often not so much how 
to make the discovery but to know that one has made it. In 
all experiments there are a number of effects, produced by all 
kinds of extraneous causes, which arc not in the least significant, 
and it requires a certain degree of intelligence or intuition to 
see which of them really mean anything. This is particularly 
so when there is nothing in existing theory to make one expect 
such events to happen, and even more so when, as is often the 
case, there appear to be perfectly good reasons for not expect¬ 
ing them. Sooner or later, however, if enough people concen¬ 
trate on the field, someone will be found sufficiently observant, 
sufficiently broadminded, and sufficiently critical or sufficiently 
ignorant of orthodox theories to make the discovery (p. 543). 

Michael Faraday: electromagnetic induction 

Before the full interaction of electricity and magnetism could 
be understood, still one more decisive step had to be taken. It 
had been shown how electric currents produced magnetism; 
it remained to show how magnetism could produce electric 
currents. This discovery, though it had to wait for another 
ten years, was not, like Oersted’s, accidental. It was the result 
of a deliberately planned research by Faraday. In 1831, in 
his fortieth year, and free from the restrictions that the some¬ 
what jealous Davy put on his work,^*^ Faraday showed that the 
relation between magnetism and electricity was dynamic and 
not static—that a magnet had to be moved near an electric 
conductor for the current to arise. This most crucial observa¬ 
tion showed that not only was magnetism equivalent to electricity 
in motion but also, conversely, electricity was magnetism in 
motion. Thus both sets of phenomena could only be discussed 
in the new joint science of electromagnetism, 

Faraday’s discovery was also of much greater practical im¬ 
portance than Oersted’s because it meant that it was possible 
to generate electric currents by mechanical action, and con- 
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versely that it was possible to operate machinery by electric 
currents. In essence the whole of the heavy electrical industry 
was in Faraday’s discovery, but it took the greater part of fifty 
years before full advantage could be drawn from it (pp. 440 f.). 
Faraday himself had little inclination to move in the direction 
of practical application. This was not due to any other¬ 
worldliness; Faraday knew enough from experience of the 
world of business and government to estimate the time and 
trouble it would take him to bring any of his ideas to the stage 
of profitable exploitation. He felt he could make better use 
of his time.®*^® 

He was concerned, as his note-books show, with a long-range 
project of discovering the connections between all the forces ” 
that were known to the physics of his time—electricity, mag¬ 
netism, heat, and light—and by a scries of ingenious experi¬ 
ments he was in fact able to succeed in establishing every one 
of these, and to discover in the process many other (effects the 
full elucidation of which has had to wait till our tirne.^ ""^ 

The electromagnetic field: Maxwell 

Faraday was one of that rare class of physicists who had a 
visual and almost sensuous understanding of the forces with 
which he was dealing. His vivid imagination created the pic¬ 
ture of electric and magnetic fields, equipped with lines and 
tubes of force, showing that whenever a tube of magnetic force 
cut an electric conductor it gave rise to an electric current, and 
conversely that the movement of electric tubes of force gave rise 
to magnetic fields. In this sense Faraday’s work was comple¬ 
mentary to that great mathematical synthesis of Newton, 
where fields and potentials took the place of attractions be¬ 
tween geometrical points. The formal translation of Faraday’s 
qualitative intuitions into precise and quantitative mathe¬ 
matical equations was the work of Clerk Maxwell (1831-79), 
who summarized in concise form the whole of electromagnetic 
theory—apart from the apparently wayward effects of electricity 
on matter such as occurred in electrical discharges and were 
to lead to the discovery of the electron (p. 517). 

Electromagnetic waves 

But Maxwell’s equations did more: from their form it w^as 
possible to see that they could be fitted to expressions for waves 
of electromagnetic disturbance which would travel with a speed 
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suggestively near to that of light. The nineteenth century had 
already witnessed a great reversal in ideas on the nature of 
light. Newton had determined to his own satisfaction^ and for 
100 years no one had dared to question his authority, that light 
consisted of fiery particles travelling at great speed. In i8oi 
the physician Thomas Young (1773-1829) in England, and 
the physicist Fresnel (1788-1827) in France, had been forced, 
by a consideration of the interference and polarization of light, 
to go back to Huygens’ view that it consisted of waves. After 
a sharp battle with worshippers of Newton they carried the 
day, and for 100 years the wave character of light was unchal¬ 
lenged. However, if the fiery particles were no longer needed, 
a medium was required to carry the waves, even through the 
vast emptiness of space, and the “ luminiferous ether,” which 
had the incompatible properties of being infinitely rigid and in¬ 
finitely tenuous at the same time,^*^^*^ was called into existence 
to do so, to be “ the nominative of the verb to undulate.” 
But electricity and magnetism had also long been known to 
act through empty space. For them, equally intangible fields 
wcTG created. Maxwell showed in effect that one single but 
still mysterious ether (p. 337) would do for all three. He 
had achieved a great condensation and simplification in 
physics from which important consequences were soon to 
follow. 

One was the establishment of a new unity between sciences: 
the whole of light appearing as an electromagnetic phenomenon. 
Another was the inference that electromagnetic oscillations 
ought to give waves in the ether similar to those of light, but 
with much lower frequencies. Hertz (1857-94) demonstrated 
these in the laboratory in 1888, and they were later to become 
the basis of radio-communication. 

With Maxwell’s equations, electrical theory appeared to be 
so nearly complete that the future of physics seemed to hold 
only an extension and perfection of it. Actually, as we shall 
see in the next chapter, it covered only a small part of the 
phenomena of electricity, and the corpuscular unit of electricity, 
the electron, escaped the equations entirely. 

The lags in the application of electricity 

In order to present a coherent story of the development of 
electromagnetic theory it has been told as one logical sequence 
running right through the nineteenth century. But the growth 
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Fio. 13.— NINETEENTH-CENTURY TECHNOLOGY 
(a) Sketch of Maudslay’s original slide-rest, screw-cutting lathe, as preserved in 
the Science Museum, London (p. 427). 

{b) Wilde’s first dynamo, with separate exciting magneto for field-coils of magnet 
(p. 442). 
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of electricity throughout that period had another and practical 
side that interacted continuously with the advance of theory.®*'^ 
From about 1830 onwards electricity began to contribute 
directly to economic life^ first in the form of communication, 
then for electroplating, for light, and for power, with two new 
forms of communication—the telephone and wireless—thrown 
in at the end of the century. Electricity was indeed the first 
science to create an industry of its own without any depen¬ 
dence on tradition. 

The process was nevertheless a slow one, for in spite of the 
legend of the alert entrepreneur capitalist seizing on new ideas 
and marketing them ahead of his competitors, there were in 
fact enormous practical difficulties in introducing anything 
that required development before it would pay. Both academic 
scientists and independent inventors were in constant straits to 
finance these developments. The only way it could be done 
was to produce anything that would sell quickly, and to finance 
each new development from the profits of the last. Very few 
people managed to surmount all the hurdles of an important 
application. Most were broken or discouraged, and there were 
innumerable false starts. 

In the process of converting the discoveries of the laboratory 
into the products of a profitable industry, four main stages can 
be discerned, each concerned with a different practical utiliza¬ 
tion of the new electrical principles. They were the telegraph, 
electroplating, arc lighting, and finally the filament lamp. Of 
these, the first, as it demanded little current, led mainly to the 
improvement of batteries and receiving instruments, and thus 
largely to the development of electrical theory. 

Electroplating, on the other hand, called for heavy currents 
and put a premium on the use of some forms of mechanically 
generated electricity. This led to the first applications of 
Faraday’s principle, but one which employed only permanent 
magnets (Pixii’s machine) and was thus weak and inefficient. 
Further, the demand of the electroplating industry could never 
be very extensive. 

Arc light and dynamo 

A far greater field was furnished by arc lighting, and the need 
for efficient generators was established. It was the discovery 
by Wilde (1833-1919) and Sir William Siemens (1823-83), 
in 1867, that the current from one machine could be used to 
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excite the field electromagnet of another that led to the first 
dynatnOy the energy symbol of a new age. With relatively cheap 
current available the emphasis turned to finding extensive 
uses for it, but here the most promising field was in domestic 
and shop lighting, for which the arc was too brilliant (Fig. 13). 

Ihe solution to the problem of “ subdivision of the electric 
light ” was found in the incandescent lamp with a filament, first 
of carbon, then of metal, in its evacuated bulb. The technical 
problem of making a cheap and durable lamp was considerable, 
but it was not this that held up progress; incandescent lamps 
of sorts had been made in Russia by Lodygin (1847-1923) in 
1872 and by Swan (1828-1914) in England a little later. For 
commercial production, the lamps required a greatly improved 
vacuum pumping system, but, given the incentive, that could 
have been achieved at any time in the century. The real 
difficulty was on the distribution and sales side. Edison^s 
decisive contribution was the power station of 1881, with its 
network of mains serving electricity like gas or water. 

I'he fifty years’ delay between Faraday’s discovery and Edi¬ 
son’s application was thus due to no scientific or technical lag, 
but to essentially economic and social causes.^*® No means 
were available in the mid-nineteenth century for an organized 
exploitation of a scientific idea up to the stage at wdiich it 
could pay its way. Once that stage was reached there was 
no holding it. Electric light and power had arrived; they 
were to expand in the next century at a rate far greater than 
that of steam. 

The role of electricity in power distribution for transport, 
machine driving, heat, and light, as well as its use in the tele¬ 
graph and telephone, all depended on an elaboration of the 
original electromagnetic experiments of Oersted and Faraday, 
reduced to a mathematical form by a generation of theoretical 
physicists, culminating in Maxwell. No radically new physical 
idea had, in fact, been added since 1831. The electrical in¬ 
dustry of the nineteenth, and also of the twentieth century, 
apart from electronic applications, was an ideal example of a 
purely scientific industry depending on skill and ingenuity in 
using a limited set of principles for the solution of an ever- 
increasing range of practical applications. 

The story of electricity and magnetism provides the first 
example in history of the transformation of a purely scientific 
body of experiments and theories into a large-scale industry. 
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The electrical industry is necessarily scientific through and 
through. Nevertheless, we find here the most irrefutable 
example of how at one remove scientific research can turn into 
engineering practice. There was no need for the men who were 
going to rig up telegraph systems to have the same scientific 
calibre as the inventors of the telegraph. This gave rise to the 
profession of the telegraph engineers who were incorporated 
in a society in 1871, which in 1889 changed its name to the 
Institution of Electrical Engineers. Within fifty years electrical 
engineering had acquired a tradition and code of practice. 
Problems of design and production, of economy in working 
and ease of repair had been superimposed on the basic scientific 
principles of electromagnetic induction. The wheel was in the 
end to come full circle, and the new profession was for a short 
time to furnish the livelihood of two young men who were to 
revolutionize physics, Albert Einstein and P. A. M. Dirac. 

The electric discharge and the new physics 

The practical triumphs of electrical engineering were not, 
however, to be the most fruitful ultimate consequence of the 
pursuit of the sciences of electricity and magnetism. Nor 
were they to lie in the further pursuit of electromagnetic theory. 
It was from a totally different set of phenomena—the curious 
luminous glows that had intrigued the first electrical amateurs 
of the seventeenth century—that the great new advances were 
to come, leading, as we shall see in Chapter 10, to the discovery 
of X-rays, the electron, radioactivity, electronic valves, atomic 
theory, and ultimately to atomic fission. This branch was not 
an obviously promising one; the phenomena were capricious 
and almost impossible to reduce to quantitative terms, and no 
practical applications came to hand to focus interest and lead 
to intensive research. It was accordingly pursued in a desul¬ 
tory way, and the exciting results which it could produce had 
to wait till the end of the century to be discovered. 

CHEMISTRY 

The central feature of science in the eighteenth and nineteenth 
centuries was the rise, indeed the establishment, of chemistry 
as a rational discipline of thought and practice. In the prac¬ 
tical sense the science of chemistry was as old as, or older than, 
any other science; but as already explained (pp. 50, 160, 202) 
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it was notj and could not become^ a logical science until very 
late, since the science of earlier times 1 tcked the essential pre¬ 
requisites. It was necessary first to wait for the accumulation 
of a far larger body of experience of the properties and trans¬ 
formations of a greater variety of substances than was available 
in ancient or Renaissance times. The rapid development of a 
widespread mining and chemical industry of a non-scientific 
and essentially technical character was a necessary precondition 
for the building up of any effective chemical theory. But it 
also needed some comprehensive ideas which would weld 
together these diverse experiments and make out of them a 
coherent picture which could be grasped and used to lead to 
further discoveries. 

The end of alchemy 

One preliminary requirement for any rational view of 
chemistry was the removal of the magical beliefs, drawn from 
classical and even earlier times, which still cluttered up the 
work of the practical chemist. Of these the most pernicious 
and difficult to eradicate were the astrological and mystical 
aspects of alchemy and its preoccupation with the then futile 
problem of making gold. The first attempt in the seventeenth 
century to make chemistry rational must, as we have seen 
(p. 331), be written off as a failure, though with the work of 
Boyle, Hooke, and Mayow it came very near to success. The 
corpuscular philosophy, with its over-rigid mathematical- 
mechanical models, could not, in fact, be applied to chemistry 
until its qualitative features had first been more thoroughly 
elucidated. 

The search for chemical principles 

The line of advance in chemistry was to be, for most of the 
eighteenth century, a quite different one. Instead of attempt¬ 
ing to apply to chemistry rationalprinciples based on mechanical 
models which could not cope with the enormous diversity of 
chemical facts, knowledge was to advance by a progressive 
rationalization of originally magical and animistic ideas. 
These, though at the outset inevitably vague, had an elasticity 
which enabled practical chemists to comprehend and set in 
order in a few verbal generalities all their multifarious opera¬ 
tions. Only when this had been done was it possible to apply 
significantly the physical tests of measurement and calculation. 
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The great advance of the eighteenth century was to narrow 
down chemical problems to one central one, the problem of 
combustion —the operations of the spirit of fire (p. 203). The 
question was: What happened to combustible materials when 
they burnt in air? The obvious answer was that they dis¬ 
appeared in flame and smoke and left ash. This picture, 
however, was all very well for wood and oil, but was not easy 
to extend to other substances like metals which mortified or 
rusted in air. Had all these anything in common and what 
was the function of the air ? 

Some answers to these questions had already been provided 
in the seventeenth century. Jean Rey in 1630^-®^ and Mayow 
in 1674 had established the cardinal facts that metals gained 
weight on heating in air, and that the air itself contained 
something of a “ nitro aerial spirit ” which was concerned in 
maintaining both fire and the breath of life. But these were 
isolated forerunners, unable to influence the general stream of 
chemical thought (p. 331}. 

The doctrine of phlogiston 

Indeed this stream was flowing strongly in the opposite 
direction, towards the view that all combustibles contained a 
substance that they lost on burning. This was essentially the 
sulphur of the Arabs and Paracelsans, but it was given a new 
lease of life by Bcchcr (1635-82) and his disciple Stahl (i66o~ 
1734) by chxhi^mn^h phlogiston, the principle of phlox or flame, 
though the phlogiston theory was only generally accepted by 
the mid-eighteenth century. Bodies containing much phlogis¬ 
ton burnt well; bodies that would not burn were de-phlogisti- 
cated. A body with much phlogiston, like coal, could transfer 
it to a body that had lost it, like iron ore, and by infecting it with 
phlogiston turn it into shining metallic iron. Even from the 
start objections were raised to this theory. It was pointed out 
that phlogiston was not a substance. It was essentially the 
opposite of a substance; it had no mass. But as we have 
already seen (p. 432) there was nothing strange in the idea of 
an imponderable fluid—electricity, magnetism, and heat, all of 
undoubted reality, were also of that nature. Even when it was 
established that some bodies actually grew heavier on losing 
phlogiston, this was put down either to a secondary accretion 
from the air or to the idea that phlogiston had natural levity. 

We are apt, looking at it from the point of view of its immedi- 
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ate successor the theory of coinbustion as oxidation—to treat 
the phlogiston theory as absurd; in fact it was an extremely 
valuable theory and it co-ordinated a large number of different 
phenomena in chemistry. It proved a good working basis 
for the best chemists of the mid-eighteenth century, and was 
firmly adhered to till the end by many of them, including the 
man whose experiments were to destroy it, Joseph Priestley 
(P- 375 )- 

The logic of phlogiston 

The central concept on which it turned was the universality 
of the antithetical processes of phlogisiication-dephlogistication. 
Thus it brought together processes that were alike, and separ¬ 
ated those that were unlike. As its opponents saw it, dc- 
phlogistication was not the removal of a metaphysical sub¬ 
stance, phlogiston : it was the addition of a material substance, 
oxygen— oxidation ; while phlogistication was its removal— 
reduction. It was necessary for the progress of chemistry that 
the balance should be the test. We can now in the twentieth 
century afford to reverse this idea again and return to phlogis¬ 
ton as a material, although a very light one; in modern 
parlance it could be spoken of as electrons. Those substances 
that have an excess of easily removable electrons, like hydrogen, 
metals, or coal, are those which were thought to be rich in 
phlogiston; those in which there is an exact balance of elec¬ 
trons, like salts and oxides, are dephlogisticated; while those 
that eagerly absorb electrons, like oxygen, would appear as 
highly dephlogisticated. The failure of the phlogiston theory 
was not on account of its internal illogicality, but because as it 
stood it could never be squared with the material facts. It 
needed to be turned upside down, phlogistication becoming 
de-oxidation, and dephlogistication, oxidation. The impetus 
for this inversion was to come not from traditional chemistry, 
but from another quarter—the study of gases. 

The pneumatic revolution : wild untameable spirits : van Helmont 

By the middle of the eighteenth century distillation was no 
longer any kind of novelty, and interest shifted to those pro¬ 
ducts of chemical action that could not be recovered in the 
condenser, the “ wild untameable spirits ” of van Helmont 
(p. 303). Such spirits, ghosts, or gases (chaoses) ^ as he called 
them,, were well known in practice, particularly to miners, and 
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were beginning to attract the attention of scientists; they were 
the treacherous fire-damps and “inflammable airs ’’ of mines 
and marshes that could be collected in bladders and burnt. 
There was as well the deadly mofette of caves^ the “afterdamp ” 
that followed explosions in mines, which was also to be found in 
brewers’ vats and asphyxiated the workmen who occasionally 
fell into them. 

Hales and the handling of gases 

It was from the study of these gases that the clue to the 
explanation of chemistry was to be found. The Rev Stephen 
Hales (1677-1761) in his Vegetable StatickshdiA^\rt?iAy,c?Lr\y in 
the century, shown how to collect gases over water and to 
measure their volume. Later Priestley and Cavendish col¬ 
lected them even more effectively over mercury. The next 
need was to recognize that these gases were not just air, but that 
there were qualitative differences between them. It was then 
necessary only to bring to bear on gases of different kinds the 
same quantitative treatment that Boyle had applied to the 
transformation of bodies. 

The test of balance : the conservation of matter 

The essential advance was that of extending the idea of 
weighing chemicals undergoing change to all the products of 
change and not, as in the old assaying, confining interest only 
to the weight of the original ore. As long as gases entering or 
leaving the reaction were not weighed or measured, it was 
clearly impossible to make the books of chemistry balance. 
That they should do so was first clearly enunciated by Lomo¬ 
nosov (p. 362) in 1774 as the principle of the conservation of 
matter, but his work was overlooked and it was left for Lavoisier 
to establish it as a fundamental principle in 1785, curiously 
enough from a study of the processes of fermentation. 

Joseph Black: fixed air 

The first step in the new quantitative pneumatic chemistry 
was taken by Joseph Black, a Scottish doctor who had his interest 
roused by Dr Cullen’s first chemical lectures in Glasgow. 
Black wrote his MD thesis in 1754 on “ Experiments upon 
Magnesia Alba, Quicklime, and other Alkaline Substances ” 
in the search for a new and mild remedy for the stone, the most 
prevalent ailment of the heavy drinkers of the eighteenth 
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century. The House of Commons had voted an award of 
;(^5,ooo to Joanna Stephens for revealing such a remedy^ which 
was found to consist of calcined snail shells mixed with honey. 

Black distinguished and weighed, as loss, the gas given off 
by carbonates such as limestone or magnesia when heated. 
He called it “ fixed air ’’ because he could absorb it in lime 
water and thus reconstitute the original carbonate, with an 
identical gain in weight. In this way he showed that a gas 
could be an integral part of a solid body, that it was strictly 
material and had notliing mystic left about it. 

Joseph Priestley and the discovery of oxygen 

The next important advance was due to Joseph Priestley 
(p. 375). It was in the course of writing a history of electricity, 
at Franklin’s suggestion, that Priestley made certain experi¬ 
ments on electric discharges in air that led him out of the field 
of physics into that of chemistry. It is characteristic of these 
early days that the real advances in chemistry were not made 
by chemists. Chemists knew too much, they had theories that 
explained everything; it was for the physicists, who knew 
nothing, to provide fool or common-sense explanations. 

Priestley had seized the notion that there was not only one 
kind of air. He played with as many gases as he could find and 
made many others. His first success was the preparation of 
soda water containing fixed air in solution. For this he was 
awarded the highest honour of the Royal Society—the Copley 
Medal. Though it disappointed the early hope that it would 
prove a cure for scurvy, the curse of long ocean voyages, it 
remained on its own merits, the first new commercial product 
of the pneumatic chemistry. 

One gas, which he made by heating red oxide of mer¬ 
cury {rnerciiriiis calcinaius per se)^ he chose to call “ dcphlo- 
gisticated air ” because it had a greater affinity for phlogiston 
than ordinary air, that is, things burnt better in it. This was 
what wc now call oxygen, and its discovery in 1774 was the 
culminating point of what may properly be called the pneumatic 
revolution of chemistry. Scheele in Sweden had also prepared 
oxygen at about the same time. He was a far better chemist 
than Priestley, but his interests lay rather in analysis than 
in the theoretical problems of chemistry, and so his discovery 
of oxygen did not contribute as much as it should have 
done to the solution of central problems. Priestley showed 
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that in burning and in breathing alike it was thedephlogisticated 
air (our oxygen) that was used up. He also showed that in 
sunlight green plants actually produced oxygen from the fixed 
air^ or carbon dioxide^ that they absorbed. He had thus solved 
in principle the essential problem of the carbon cycle: from the 
atmosphere through plants and animals and back to the 
atmosphere again. But he did not fully understand the signi¬ 
ficance of the range of his own discoveries^ and it fell to Lavoisier, 
with his far more logical and well ordered mind^ to make up 
this deficiency. 

The overthrow of the phlogiston theory 

Like Priestley, Lavoisier came to chemistry through physics 
(p. 378). Unlike Priestley, however, he did not spread himself 
in extensive qualitative experiments, but set himself limited 
and definite tasks of investigating the mechanism of combustion 
in air, which he saw was crucial to chemical theory. His 
work was precise, ordered, and quantitative throughout. In 
1773, already conscious of the importance of the new pneumatic 
chemistry, and particularly of the fixing of air as a material 
fact, he formed the project of using it ‘‘ to bring about a revolu¬ 
tion in physics and chemistry.’’ Later, hearing of Priestley’s 
discovery of oxygen, he realized its significance at once, and 
was able to show that it alone was responsible for combustion, 
which was neither more nor less than the adding of oxygen, 
originally le principe oxygine, the acid-producer—a word he 
coined for the purpose. This ran absolutely counter to the 
phlogiston theory, but he did not hesitate a moment in attack¬ 
ing it, reversing all its arguments and putting it, as Marx did 
with Hegel, on its feet again (p. 762).®*^^ 

The chemical elements 

Lavoisier showed that the whole of the previously chaotic 
phenomena of chemistry could be ordered in a law of com¬ 
bination of elements old and new. To the established list of 
elements, in the sense of Boyle, not of Aristotle (p. 332)—carbon, 
sulphur, phosphorus, and all the metals—he added his new 
oxygen which together with hydrogen went to make up the 
old element water, as well as the other constituent of the air, 
the lifeless azote or, as we call it, nitrogen. According to this 
new system, chemical compounds were largely of three cate¬ 
gories; those of oxygen and a non-metal, which were acid; 
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those of oxygen and metals, which were bases; and the com¬ 
bination of acids and bases, salts. Lavoisier made a clean 
sweep of all the old time-hallowed chemical nomenclature 
based on methods of preparation or fancied resemblances: 
oil of tartar per deliquum, sugar of lead, and so on, and intro¬ 
duced instead the terms we now use—potassium carbonate, 
lead acetate, etc. This step in itself marked the extension to 
chemistry of the same rationalizing process that had been applied 
to physics in the early seventeenth century, and also drew on 
the simplified nomenclature Linnaeus had introduced in his 
botanical classification (p. 463). 

Lavoisier himself, however, carried the same process one 
step further; making use of the rapidly accumulating data 
on the quantities in which various solid substances combined, 
he extended this to cover the newly found gases, and, thanks 
to his law of conservation of mass, reduced chemistry to ac¬ 
countancy into which only elements entered. Thus at one 
stroke he converted chemistry from a set of independent 
recipes, which had to be known one by one, to a general theory 
from which it was possible not only to explain the previous 
phenomena, but also to predict new ones in a quantitative 
way. Lavoisier was more a legislator for chemistry than a 
systematic chemist; he seized on essential points, and left to 
others, such as Bcrthollet (1748-1821) and Richter (1762-1807), 
the task of examining the nature of chemical affinity or the 
precise proportions in which chemical substances actually 
combine. 

The primacy of chemistry 

Lavoisier’s success in effecting a revolution in chemistry 
aroused immense enthusiasm. Revolution was in the air, and 
the new chemistry, now so closely linked to physics, soon at¬ 
tracted to itself some of the most intelligent minds of the time, 
and helped to secure for France a predominant place in the 
world of science for nearly half a century. 

The interest in chemistry was reflected in industry, and in 
turn industry supplied chemistry with new substances and new 
problems. The study of the glass-colouring mineral, man¬ 
ganese, by Scheele had led to the discovery of chlorine in 1774. 
Bcrthollet in 1784 found its use in bleaching, and McGregor, 
inspired by his son-in-law Watt, first used it on a large scale in 
the growing linen industry of Glasgow.®-^ The other main 
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industrial chemical advances were Roebuck’s manufacture of 
sulphuric acid (1746), which served to replace skim milk sours 
in bleaching, and soda manufacture from salt instead of expen¬ 
sive kelp and barilla/*^ according to the processes of Keir 
(1735-1820) in 1769 and Leblanc (1742-1806) in 1790. Though 
Leblanc himself was left to die in poverty, his process was 
perfected by direct orders of Napoleon, and its success made 
France independent of supplies of soda from countries controlled 
by England. All these processes were essential adjuncts to the 
enormous increase of textile output that was the main grow¬ 
ing point of the Industrial Revolution, and was outrunning the 
limited supplies of vegetable products. Even where, as in 
these cases, the processes arose from traditional or phlogiston 
theory, their success and the anticipation of further successes 
to come stimulated the study of chemistry, and led to the ready 
adoption of the new rational doctrines. 

The chemistry of eating and breathing 

Lavoisier’s other contribution to science was to make quanti¬ 
tative Priestley’s qualitative pictures of the chemical nature of 
the process of life, and he thus became the father of quantita¬ 
tive physiology. By a set of admirably designed and executed 
experiments he was able to show that a living body behaved in 
exactly the same way as fire, burning up the materials in the 
food and liberating the resulting energy as heat. For the first 
time the general chemical balance sheet of organisms could be 
established, and the real significance of the mechanisms of 
breathing and of the circulation of the blood, discovered by 
Harvey nearly 200 years before, was revealed. 

Dalton : the atomic theory 

The next crucial step in the understanding of chemistry was 
taken twenty years later by John Dalton (1766-1844), a 
Quaker weaver and school teacher of Manchester. He, like 
Priestley and Lavoisier, was not primarily a chemist but a 
physicist and meteorologist. He was interested in gases as 
elastic fluids, and tried to explain their properties on Newtonian 
principles by the mutual repulsions of the atoms. This led him 
to consider the possible proportions of atoms in different kinds 
of gases, and thus to sec how to explain the laws of combination 
of elements in multiples of definite weights, which had gradually 
emerged from the analyses of the new gases such as nitrous 
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oxide, nitric oxide, and nitrogen peroxide, which we write, 
following Dalton, N2O, NO, and NOg. These followed simply 
from the assumption that all chemical compounds were made 
up atom by atom—the atoms of different kinds arranging them¬ 
selves in pairs, threes, or fours. 

Crystallography: Haiiy 

Other regularities, those occurring in crystals, were also 
about this time pointing to an atomic explanation, Steno in 
the seventeenth century had shown the invariability of the 
angles between the faces of a crystal. Huygens had seen that 
this implied that the crystal must be built of identical mole¬ 
cules piled together like shot, or, as Newton called it, “ in rank 
and file.’’ It was, however, left to a retiring French abbe, 
Hauy, in 1800, to generalize these observations and to show the 
ways in which these molecules could be associated in different 
kinds of crystal. It was later found by Mitschcrlich (1794- 
1863) that similar compounds had nearly identical crystal 
forms, so that the new science of crystallography could become 
a useful adjunct to chemistry. 

Electrolysis : Humphry Davy and Faraday 

Another adjunct was to be found in electricity. The new 
electric current (p. 436) was found to decompose not only 
water but also salts. Davy in 1807 prepared the new metals, 
sodium, potassium, and calcium, from the previously undecom¬ 
posed alkalis and earths, thus completing Lavoisier’s scheme 
and dividing all elements into metals and non-metals. It was 
found that metallic atoms were charged positively and non- 
metallic negatively. Faraday indeed showed that the rate of 
transport of atoms in solutions was proportional to their 
combining weights, and this, of course, leads logically to the 
concept of a single common atom of electricity—what we now 
know as the electron. But that final step was to wait for an¬ 
other seventy years, so strong was the prejudice against imput¬ 
ing atomicity to a fluid. 

Inorganic and mineral chemistry : Berzelius 

The electrical theory furnished a simple explanation of how 
salts were formed by the mutual neutralization of positive 
and negative charges, and this led, particularly in the hands 
of the great Swedish chemist Berzelius (1779-1848), to the 
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determination of the constitution of most kinds of inorganic 
compounds and minerals in the first half of the nineteenth 
century. 

The new non-traditional chemical industry which had 
started in the eighteenth century now grew rapidly under the 
double impetus of the new knowledge and the vastly increased 
demands of other industries^ especially the dominant textile 
industry. It was still, however, undertaken in establishments 
small enough to permit close working contact between scientists 
and manufacturers, even when these were not the same person. 
This new industry provided the link between the mineralogical 
chemist, interested principally in assays of ore, and the druggist 
with his concern with vegetable and animal products. 

Organic chemistry : Dumas and von Liebig 

Thus for the first time a firm and permanent economic base 
was provided for chemistry, far larger and better supplied than 
the pharmacist's shop of the past, and from this base it was 
possible to build out into the more difficult realms of organic 
chemistry. Nevertheless, in spite of the genius and ability of 
the workers in this field, this proved to be a very slow process. 
Actually the extraction and purification of most simple organic 
substances such as oils, sugars, and vegetable acids were rela¬ 
tively easily achieved; so was their analysis in terms of the 
newly known elements, carbon, nitrogen, oxygen, and hydro¬ 
gen. But the figures obtained by themselves did not tell much 
—they needed a new kind of interpretation. 

This was the work of the new chemists, first in France with 
Gay Lussac (1778-1850), Laurent (1808 53), Gerhardt (1816- 
1856), and Dumas (1800-84); then in Germany with von Liebig 
and Wohler (1800 82). It was Liebig more than any other 
who restored the primacy of Germany in chemistry after nearly 
seventy years of French predominance. His laboratory at 
Giessen was to be the model for the modern chemical teaching 
and research laboratory. Gradually, from the study of simpler 
substances—fats, fatty acids, and alcohols—ideas of structure 
began to emerge. As a consequence of a fiasco at a ball where 
new patent candles bleached with chlorine emitted a frightful 
stench, Dumas, who was asked to investigate, found that 
chlorine could be substituted for hydrogen and was led to a 
general theory of substitution. From that followed a theory of 
types of molecules, like alcohols, with some part in common, 
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and then of radicles^ the detached parts themselves like methyl 
or benzoyl^ which could play the part of atoms. 

Such structure could, of course, be merely additive, though 
already in 1823 von Liebig had found a case of isomerism —two 
substances with the same composition but with different 
chemical properties. This pointed clearly to some difference 
of arrangement inside the molecule, but such ideas were firmly 
resisted, mostly for metaphysical and philosophic reasons. The 
hypothesis of atoms was not acceptable to a large number of 
scientists. It seemed to some to go far beyond what experience 
showed; to others to smack of radical deism. There was also 
a strong reluctance to believe that substances formed by living 
beings could be made in the laboratory. 

Avogadro^s law 

Organic chemistry might have remained a classified collection 
of identified substances with mass formulae, and of reactions for 
turning some kinds into others, had it not been for two impacts 
from the physical sciences. The first w\as the recognition of a 
law originally put forward as early as 18ii by Avogadro 
(1770-1856), but not generally recognized until restated by 
Ganizzaro (1826-1910) in i860. This law states that equal 
volumes of all gases under the same conditions contain the same 
number of molecules, thus enabling the correct number of each 
kind of atom in a molecule to be determined. 

Asymmetrical molecules: Pasteur 

The second discovery was that of the separation of racemic 
acid into two components, one ordinary tartaric acid, the other 
chemically identical but physically different. This discovery, 
which was to prove of central importance for the science of the 
nineteenth century, was made in 1848 by Pasteur, then a 
young man of twenty-five.®*^ He showed that whereas 
molecules made by ordinary laboratory processes did not ro¬ 
tate the plane of polarized light, those naturally produced did 
so. The former consist of two kinds of molecules of opposite 
configurations, like right and left hands, in equal numbers; 
the latter contain only one kind of molecule. 

From this critical observation two very different conse¬ 
quences followed. The first was that molecules possessed a 
shape in three-dimensional space, in other words it was possible 
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to picture them as solid models. The second was that (Nature 
must set about making molecules in a different way from tlic 
chemists of that time, and further that there must exist in 
organisms definite chemical structures which were right- 
handed, let us say, and not left-handed. Pasteur himself fol¬ 
lowed the line given by the second clue, which set him among 
the founders of modern biochemistry and later of bacteriology. 

Kekule and the benzene ring : Valetuy 

It was along the other branch that lay the future of organic 
chemistry, although it was still very slow to evolve. The idea 
that molecules could be pictured as patterns of atoms in space 
had been evolved logically by the brilliant German chemist 
Kekule (1829-96), who in 1865 conceived the idea as he sat 
on top of a London bus, that the benzene molecule CgHg con¬ 
tained a ring of six carbon atoms: 

G C 

/G 

''C" 

From then on it was no longer sufficient to give the numbers 
of atoms in the molecule of a substance^ a mere accountant’s 
description; but to indicate by some kind of plan—an archi¬ 
tect’s conception—how they were arranged by means of a 
structural formula. Thus he added a decisive proof to the idea 
that was gradually dawning, that dilferent kinds of atoms were 
characterized by the number of links that they could make 
with other atoms. Hydrogen had one, oxygen had two, nitro¬ 
gen had three, carbon had four of these links or valencies. 

varCi Hoff and Le Bel: spatial chemistry 

It was not until twelve years later that simultaneously van’t 
Hoff (1852-1911) and Le Bel (1847-1930) realized that the 
four carbon valencies could not lie in a plane but must stick out 
in space, and thus made it possible to explain the two different, 
right- and left-handed, configurations that Pasteur had dis¬ 
covered twenty-five years earlier. From now on three-dimen¬ 
sional structural organic chemistry became a branch of applied 
geometry, and it was possible both to analyse and to synthesize 
very complicated compounds. 
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Fio. 14.—NINETEENTH-CENTURY CHEMISTRY AND PHYSICS 

(a) Analysis of the composition of water by passing hydrogen over copper oxide by 
Berzelius and Dulong. 


(b) The liquefaction of oxygen by Cailletct, 1877. gas is compressed by the 

screw-pump and liquefies in the cooled tube when the pressure is released. 

F*rom Graham*s Elements of Chemistry^ 1 850. 
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Synthetic dyes and the German chemical industry 

Even before this^ however^ organic chemistry had established 
itself in a practical way. Almost by accident Perkin (1838- 
1907)^ seeking to make a substitute for quinine, had discovered 
in 1856 the first artificial aniline dyc^ magenta, finding at the 
same time an outlet for the products of coal tar from the gas 
industry. Chemistry in England, however, was still the pursuit 
of a few amateurs and even fewer aciidemic university depart¬ 
ments, while the chemical industry was proud of being “ prac¬ 
tical.” Perkin’s discovery, neglected in Britain, was taken up 
immediately by the more scientifically-minded directors of the 
new German industry, and the rapid profits accruing from 
synthetic dyes were ploughed in to create an enormous and 
dominating German chemical industry. This, though at first 
ancillary to the textile industry, was, through its capacity for 
the production of nitric acid for use in the new explosives, to 
provide the sinews for both the First and the Second World 
Wars. 

The chemist, particularly the chemist of the latter part of 
the nineteenth century, was effectively a new kind of scientist, 
one much more closely tied up with industry than the physical 
scientist of earlier times. The tendency to identify science 
with industrial interests which this brought about was one of 
the major factors that led to the general toning down of scienti¬ 
fic controversy, especially of radical scientific attitudes, at the 
end of the nineteenth century. 

From the purely scientific point of view, however, the estab¬ 
lishment of molecular constitution by the methods of organic 
chemistry is one of the greatest logical achievements of the 
human mind. The decisive steps were made by very few men, 
but they were followed by a great crowd of chemists who, 
using the logic of chemical transformation, were able to imagine 
the most complicated patterns of atoms in space and actually 
to make substances having those patterns, thus proving by 
synthesis what they had previously established by analysis. In 
this way organic chemistry grew up as a discipline almost inde¬ 
pendent of physics, having its own rules and its own way of 
working. 

Physical chemistry 

This, however, did not apply to the whole of chemistry, 
especially on the inorganic side, where interest began to shift 
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from the actual composition of bodies to their modes of reaction 
with each other, to the influence of heat, to such questions as 
solution, crystallization, and electrolysis. From these interests 
there grew up a new branch of chemistry ultimately to become 
a new subject, physical chemistry. This was the first hybrid 
science, one which was to be the prototype of other bridge ” 
sciences that in the twentieth century were to link all science 
into one effective unity. The value of physical chemistry began 
to make itself felt when attempts were made to exploit industri¬ 
ally the new deposits of mineral salts, particularly the great salt 
deposits of Stassfurt, which could not be disentangled into their 
components economically without these methods. It was also 
the basis of whole new chemical industries such as the Solvay 
ammonia soda process, which replaced the Leblanc process for 
the manufacture of soda, and the catalytic processes on which 
the manufacture of sulphuric acid and of ammonia were based. 
These were the processes which, in Britain, were to be the main 
basis of the greatest monopoly concern in chemistry. 

FMrly biochemistry 

The new organic chemistry had another essential part to play 
in the history of science—it was to lead to a fuller understanding 
of biological processes. In fact, the beginning of any deeper 
understanding than the microscope could provide was totally 
impossible without a knowledge of the laws of combination 
and the types of structure actually to be met with in biological 
systems. The nineteenth-century development of organic 
chemistry had to precede logically any attempt to formulate a 
fundamental biology. 

The main features of animal and plant metabolism as far as 
carbon, hydrogen, and oxygen were concerned—that is, as far 
as an animal can be treated as a heat-engine—had been estab¬ 
lished in the eighteenth century; but it took much of the nine¬ 
teenth century to establish the equally important role of nitro¬ 
gen. It was the work of von Liebig that show^ed what kind of 
food—nitrogen, phosphates, and salts—plants drew from the 
ground. The great cycles of transformation of the elements, 
such as that of nitrogen from plants through animals back into 
the soil, were traced out and even followed into the air with 
nitrogen-fixing organisms. This was still a far cry from under¬ 
standing the functions of these inorganic substances in the 
organism. It is one thing to study the properties, mainly the 
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industrially useful properties, of materials derived from once- 
living sources; it is quite another to follow them in their 
transformations during metabolism. That is why organic 
chemistry took so long to be transformed into biochemistry. 
Nevertheless, as the century came to a close, chemical interest 
began to shift from the immediately profitable synthetic 
chemistry of the dyestuffs industry towards an understanding of 
the more detailed structure of organic substances of a natural 
kind. This is shown particularly in the great work of Emil 
Fischer (1852-1919) on the sugars and on the matter of life— 
the proteins—which he was able to show consisted of chains of 
much simpler compounds, amino acids. There also, as a by¬ 
product of dyestuff chemistry, was laid the beginning of a new 
chemical pharmacology in the provision of remedies, such as 
Ehrlich’s (1854-1915) salvarsan for syphilis and Bayer 206 for 
sleeping sickness, which were to foreshadow the triumphs of 
chemotherapy of the next century (pp. 641 f.). 

BIOLOGY 

With the development of physical science throughout the 
eighteenth and nineteenth centuries, and interacting with it 
at many points as we shall show, came a renewed approach to 
a scientific understanding of living things. The roots of this 
lie much farther back in classical times with the natural history 
of Aristotle and the physiology of Galen, After a long interv^al 
of purely formal and moral interest in Nature, as symbolized 
in the bestiaries and herbals, interest revived in the increasing 
pictorial naturalism of the late Middle Ages and the Renais¬ 
sance, spiced as it was by the wonder and anticipated riches 
of the New World. Anatomy and physiology were, as we have 
seen, revolutionized in the sixteenth and seventeenth centuries, 
and another new world of the very small was opened up by the 
first microscopists (p. 328). 

The lively interest, however, of the seventeenth-century 
pioneers in biology, as in physics, turned, towards its end, on 
one side to a dilettante amusement in the curiosities of natural 
history, and on the other to the service of a pedantic medicine 
which included a study of botany and zoology primarily as 
sources of drugs. This period of discursive observation was, 
however, to be a very necessary stage in the history of biology— 
a science incomparably richer in detail than physics or even 
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chemistry, and one consequently where almost innumerable 
facts had to be collected, examined, and arranged in order 
before any sense could be made out of them, a task which was 
to take over 200 years. 

The main drives that determined the direction of biological 
interest, and with it of biological progress, in the eighteenth 
and nineteenth centuries, were first, those of geographical 
exploration, largely undertaken in the hope of finding and 
exploiting new natural products; secondly, the needs of an 
awakening medicine, with its emphasis on physiology and 
anatomy; thirdly, the needs and problems of the agricultural 
revolution which accompanied the transition from traditional 
subsistence farming to commercial farming for a market; and, 
lastly, the needs of vastly expanded industries, including those 
of textiles, food, and drink, largely dependent on animal and 
vegetable products and, by the very scale of their operation, 
unable any longer to rely on tradition. These interests all 
overlapped and interacted. The first two drives remained all 
the time, though exploration fell and medicine rose in relative 
importance. Scientific agriculture did not come in till the late 
eighteenth century, and industrial biology not till the middle of 
the nineteenth. 

Compared with the interests in physical and chemical 
science, where, as we have seen, there were a limited number of 
problems set by the advance of industry itself, biology was 
pursued in a widely scattered and almost casual way. Less 
able to establish its advances by processes of practical utility, it 
was necessarily more easily influenced by currents of thought 
outside science, and particularly, over the whole of the period, 
by the great religious and anti-religious battles that in different 
forms convulsed both the eighteenth and nineteenth centuries 
across the great divide of the French Revolution. 

The religious hoped to regain in the animate world the justi¬ 
fication for divine governance that had been lost among the 
celestial spheres. The rationalists hoped, on the contrary, to 
expel the spirit from the universe by demonstrating the 
mechanical operation of matter in the phenomena of life, and 
to explode once and for all the naive myths of Old Testament 
creation. Naturalists of both convictions diligently searched 
Nature to pile up more convincing proofs of what they were 
certain must be the only right view. Religious preconceptions 
had no longer the power to prevent research, but they did, at 

461 



DEVELOPMENTS OF THE SCIENCES IN THE 

least until the triumph of Darwinism^ hold up its most obvious 
implications. Every inch of the way to the rational interpre¬ 
tation of the world of life had to be fought for, and the only 
consolation is that„ perhaps for that very reason, if it took longer 
to establish, it was the better understood. 

It is in biology, more than in physics, though less than in the 
social sciences, that men have embraced, often at the same 
time, the rival stupidities of the commonplace and the mar¬ 
vellous. On the one side everything in Nature is obviously 
natural—no explanation is needed as to why the grass grows 
or the lions roar. It is their nature to do so; they always 
have, and they always will. If from the evidence of fossils or 
from the tradition of a creation it is admitted on the contrary 
that the world as we know it must have once been different, it 
is far easier to believe that it began with a bang, or at most in 
seven days and from nothing at all, than to attempt to trace 
its rise step by step from something unfamiliar but not radically 
different from what we see today. Right up to 1859 the most 
practical and common-sense naturalist or geologist was quite 
ready to admit universal catastrophes, compared to which 
Noah’s flood would be a minor incident, without any mental 
uneasiness. 

In any case, from its very complexity, the great generaliza¬ 
tions of biology could only be established on the base of a most 
extensive and intensive exploration of living things, and this 
was in the first place to be the task of the natural historians. 
In what follows we will first trace the development of natural 
history and its companion study, geology, to its culmination in 
the theory of organic evolution. For all its importance in the 
history of human ideas, this great theory was based merely on 
the external appearance and gross anatomy of living and fossil 
organisms and had few practical consequences. The other 
approach through the study of the internal constitution of 
organisms, large and small, begun by the use of the microscope 
and continued by the methods of chemistry, was much more 
searching. It was, towards the end of the nineteenth century, 
beginning to show its promise of practical utility in the curing 
of disease and the nourishing of crops. 

Jsfatural history and classification : Linnaus 
The eighteenth was the great century of travellers, collectors, 
and classifiers. The idea of classification arose from the practi- 
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cal necessity of arranging plants in botanical gardens^ collec¬ 
tions in cabinets^ and even more perhaps from the making and 
printing of catalogues. Very naturally^ each collector and 
cataloguer had his own ideas as to how to arrange his material^ 
and the result was a welter of confusion of names and arrange¬ 
ments. 

It was only in the middle of the eighteenth century that an 
energetic and systematic young Swede^ Carl Linnaeus (lyoy- 
78)^ afterwards ennobled to von Linne, the son of a poor parson 
and almost self taught^ took upon himself^ at first single-handed^ 
the task of classifying all animals^ minerals, and particularly 
vegetables in the world. In botany, where his chief contribu¬ 
tion lay, he had the genius to sec that the great discovery of 
Camerarius (1665-1721), that flowers were the sexual organs 
of plants, was the key to their classification. Basing himself on 
the numbers of the hitherto neglected stamens and pistils, 
Linnaeus divided the plants into classes and orders. For the 
finer divisions of genera and species he established the double¬ 
name nomenclature. Primula farinosa^ which would provide 
enough actual words to enable every living thing to be dis¬ 
tinguished. 

The time was ripe for such an organization of knowledge, 
even if quite arbitrary—for at first it was little more. Linnaeus 
travelled widely, collected copiously, and built up a systematic 
botanic garden at Uppsala. He soon attracted a band of 
devoted disciples who travelled all over the world to complete 
his classification, and found everywhere admirers and imitators. 
The Linnean Society of London was founded in 1788. On 
the basis of his simple system and his undoubted mastery of the 
material, Linnaeus imposed his classification on the whole of 
the learned world. With later modifications it remains that 
of botany and zoology to this day. On the other hand, his 
classification of minerals, being based, inevitably for the time, 
on unscientific principles, was soon abandoned and gave 
way to the more rational system based on chemistry and 
crystallography. 

Towards a natural system : Buff on 

Armed with this system, the naturalists, in whatever part of 
the world they were, could work together knowing that if they 
got the name right they were talking about the same organism, 
and that thus they could contribute to building up a common 
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catalogue of organized beings, a process which is continuing 
to our day. The Linnean system was too rigid to start with; 
but it was possible, without substantially breaking it up, to 
alter it progressively till it became more and more a natural 
system: till species that resembled each other more than any 
others appeared together in the same genus, while the larger 
groups, genera and families, were divided from each other by 
more important differences. 

The work of the systematists had immediate and lasting 
practical value. Scientifically, however, its establishment had 
a much more far-reaching consequence. It was impossible 
henceforth to contemplate the natural classification of living 
things without being forcibly reminded of their relationships, 
which were indeed implied by the very terms used, those of 
genera, or tribes and families. One of the first to sense this 
was George Louis de Buffon (1707-88). By his brilliance and 
affability he did more than any other man to popularize natural 
history both at the French Court and among the rising bour¬ 
geoisie, of which he was an ennobled member. In 1739 he 
was made keeper of the Jardin du Roi, now Jardin des Plantes, 
and turned it into what was, for the time, a great research in¬ 
stitute, where many of the biologists and chemists of France 
received their inspiration and training (p. 378). Unlike Lin¬ 
naeus, who lacked any other knowledge than that of natural 
history, Buffon was originally a physicist and brought the 
rational ideas of the Newtonian synthesis into the field of 
biology; he was, however, possibly for the same reason, by no 
means as patient an observer or as diligent a classifier. He set 
the fashion in the literary presentation of science, and his daring 
ideas on the origin of the world, of plants, animals, and of man 
himself, endeared him to the philosophes and the makers of the 
French Revolution. 

Buffon, in his monumental Systime de la Nature^ claimed that the 
relationship implied by the classification of animals and plants 
was a real one. In this he was supported by Erasmus Darwin 
(1731-1802), who has already been mentioned as a leading 
member of the Lunar Society. He was a successful doctor of 
Lichfield, a poet, a popularizer of science, and a speculative 
and daring theorizer in biology. His Z^onomia was an attempt 
to trace the origin of life from a primitive filament, which 
produced the great variety of observed living forms as a conse¬ 
quence of its different reactions to a variety of external in- 
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fluences. As he could not have had any knowledge of either 
the intimate structure of living matter or of the mechanism of 
its reactions, his ideas were necessarily speculative, and served 
more immediately to support the naturphilosoph-rom?int\c school 
of Germany (p. 469) than to lead to any new observations and 
experiments. Still, what he dared to think others, with better 
grounds, could think after him. 

If it had not been for the pietistic reaction against the French 
Revolution the idea that all species came from a common stock 
would have been freely accepted early in the nineteenth 
century. However^ almost more than in the seventeenth 
century or in the time of the countcr-Reformation, it was 
necessary in the early nineteenth century to uphold the literal 
truths of the Bible stories of the creation of the species, of 
animals and plants, on the appropriate days, so most natural¬ 
ists for over fifty years put their blind eye to their microscopes 
and refused to think about the meaning of the system of 
Nature. 


Early evolutionists: Lamarck 

In spite of this, some continued to speculate, of whom the 
most original, Lamarck (1744-1829), botanist at the Jardin du 
Roi, boldly propounded the theory in 1809 that the species 
of today were derived from those of previous times by an 
adaptation brought about by their desire to fit more closely 
with their environment. The giraffe, seeing leaves growing on 
a high tree, stretched his neck, and that stretching was in¬ 
herited by his descendants. The idea seemed far-fetched and 
won little support, but meanwhile the evidence was accumulat¬ 
ing, and not only from the study of living organisms, but now 
even more from that of fossils. 

Speculative geologj^ and creation 

The study of geology came late into the category of sciences. 
It was pre-eminently a field science. The collector in his cabinet 
could do little but marvel at the odd productions of the earth. 
The miner, on the other hand, was so concerned with the ore 
and the indications of its presence in other rocks that he had 
usually neither the inclination, nor the learning, to formulate 
any general theories as to the structure and history of the earth. 
Yet speculation about the earth and its fossils grew steadily in 
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the eighteenth century with the general increase of interest in 
Nature. In fact, from even earlier times, the idea that the 
shells found in mountains implied the presence of sea had led 
to speculations about the antiquity of life, though in the past 
the whole matter had been easily smoothed over by putting it 
all down to Noah’s flood. From voyages and astonishing 
accounts of foreign volcanoes and earthquakes another view 
began to be held: that the world was subject to continual 
cataclysms in which the crust was broken up by internal fire; 
and the controversies between the neptunists, or flood-believers, 
and the plutonists, or earthquake-believers, remained an un¬ 
profitable exercise throughout the latter part of the eighteenth 
century. 

Hutton and common sense 

The first radical break from speculative geology came from 
Hutton, an Edinburgh doctor, a close crony of Black’s, and one 
of the great company of brilliant scientists and philosophers 
who had made their city the Athens of the North (p. 373). In 
his Theory of the Earth (1795) he put forward the idea, revolu¬ 
tionary in its common sense, that the phenomena of geology are 
the products of forces that we still see acting round us. From 
his walks in the country, from his experience as a practical 
farmer, he concluded that valleys were cut by rivers, and plains 
deposited out of the mud they brought down, which then 
hardened into rock. He also understood that the massive 
unstratified rocks of Arthur’s Seat could not have been de¬ 
posited from water, as the arch neptunist, Werner (i 749-1817), 
maintained, but must have been formed from the solidified 
lava of an ancient volcano. These views were too rational to 
survive the reaction against the French Revolution, which 
brought in a school of geologists, often in holy orders, who were 
everywhere looking for vestiges of creation,^*^® but Huttonian 
views never entirely disappeared. 

The success of field geology came from the experience of 
cutting canals rather than from the intensive and highly local¬ 
ized craft knowledge of the miners. William Smith (1769- 
1839), the practical surveyor and canal-maker, realized from his 
work that throughout the whole of southern England the layers 
or strata of the earth lay over one another in one invariable 
series, and he spent most of his life plotting their outcrop in the 
first of geological maps. 
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Catastrophic theories of how these strata came to be laid 
down became more and more difficult to maintain. They 
were quietly dropped when Lyell in^his Principles of Geolog); 
revived Hutton’s doctrines of the operations of natural forces, 
and founded his uniformitarian theory, based on far more extensive 
observations. But if every stratum represented a deposit of 
a certain age, the distinctive fossils it contained must have 
belonged to animals living at that time, and these fossils corre¬ 
sponded to quite different forms of life, and even showed 
definite progressions. Reptiles, for instance, did not appear 
before the secondary, or mammals before the tertiary strata. 
Lyell, accepting as a logical necessity the fixity of species, could 
only deduce that a whole new fauna had been created at every 
geological age and had become extinct in its turn. Obviously 
all this must have taken a very, very long time, so that the 
Bible story of the Creation, quite apart from its miracles, be¬ 
came increasingly difficult to believe. Yet, in the atmosphere 
of reaction in the early nineteenth century, it was extremely 
daring to question it. 

Charles Darwin and organic evolution 

In fact, it was not until the evidence was altogether over¬ 
whelming, and there was in addition some plausible mechan¬ 
ism to explain how different kinds of animals could have 
descended from each other, that it was possible to break the 
spell of ancient religion. To provide for that mechanism in 
the form of natural selection was to be the work of Charles 
Darwin, the grandson of Erasmus Darwin. He was a typical 
by-product of mid-Victorian capitalism, a man of independent 
means who, after a formative voyage round the world in the 
Beagle, could settle down to study minutely and carefully 
the whole facts of animate Nature from his study and garden at 
Down House. 

Darwin had been particularly impressed by the species 
problem in his study of the distribution of rare species on isolated 
islands such as the Galapagos. It was very tempting to imagine 
that such species had come from ancestors on the mainland and 
had somehow grown different—but how and why? Might it 
have something to do with the conditions of their life which 
favoured some features more than others ? He began to think 
that possibly the conditions of competition of human economic 
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life might also apply to the animal world. Indeed a fully ela¬ 
borated theory built to justify capitalist exploitation was ready 
to his hand. Life^ according to parson Malthus (p. 729), was 
a struggle in which the best survived, and wealth and position 
were the rewards of virtue in this struggle. Disease and war 
were the means by which a population was kept from becoming 
more numerous than the available food supplies could support. 
If the same were to happen in animal societies, thought Darwin, 
those that varied ever so little in the direction of being more 
fit for their environment would pass on that advantage to their 
descendants, and so, gradually, the species as we know them 
now would evolve. The hungry ’forties was a very suitable 
time to observe this phenomenon taking place. 

Natural selection 

Darwin, however, was a most cautious man and did not 
publish this idea. Instead he spent nearly twenty years build¬ 
ing up the evidence for it. He drew it from all sides of natural 
history—from the record of the rocks, which showed the 
gradual elaboration of form in previous ages; from the distri¬ 
bution of animals and plants in the world; and finally from 
the study of the great breeding experiments that were going on 
in the nineteenth century, partly to improve stock and partly 
for fancy breeds of dogs or pigeons, which provided him with 
examples of changes as strange as any that occurred in evolution. 
Yet he might not have published it even then if another and 
much younger traveller, Alfred Russel Wallace (1823-1913), 
had not independently come to the idea of evolution of species 
through his study of the distribution of animals in the East 
Indies. 

The “ Origin of Species ” and the evolution controversy 

The explosion that followed the publication of the Origin of 
Species showed how prudent the retiring Darwin had been in 
holding back his ideas. Even in the relatively advanced ’sixties 
they were to create a prolonged and bitter controversy. This, 
however, was to turn on questions of a rather theological or 
political than of a purely scientific nature (p. 484). In biological 
science it produced an enormous effect of liberation. It pro¬ 
vided a unifying principle for the whole living world. 

However, the effect of Darwinism on science was not an alto¬ 
gether happy one. It certainly did raise a great interest in 
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biology and drew many people into it. But at the same time 
the emphasis that Darwin’s theory gave to the simple tracing of 
evolutionary relationships between organisms and the building 
of elaborate family trees distracted naturalists from the 
study of the actual lives and of the inner workings of animals 
and plants. For this no one could blame Darwin himself, who 
was, as his detailed researches on such varied topics as earth¬ 
worms, carnivorous plants, and the expression of the emotions 
show, one of the pioneers of experimental biology.®* 

JVaturphilosophie 

The sequence of the species controversy has been followed 
down to the end of the nineteenth century. It is now necessary 
to go back to the beginning of the century to pick up another 
thread to the understanding of living things from the study of 
their structure. Here again much of the initial impulse came 
from natural history, but more from the aspect of anatomy and 
physiology with its close relation to medicine. 

It was especially in biology that the mystical trend in science 
—Neoplatonic, Lullian, Paracelsan—found its last serious 
expression in the German Naturphilosophic of the early nine¬ 
teenth century. Inspired by philosophers like Herder and 
Schelling and by poets like Goethe, there came the search for the 
Absolute Idea or the Divine Plan of Nature, which was also 
incomprehensibly bound up with the regeneration of the 
German people and the destruction of abominable French 
mathematical materialism.Nevertheless, the search for 
the Archetypes meant a comparative study of the structure 
or morphology (the word is Goethe’s) of animals and plants, 
which was to continue long after the ideas that had given rise 
to it had evaporated. Lorenz Oken, already mentioned as a 
refounder of German science, was one of the finest representa¬ 
tives of this school, and was responsible for the recognition of 
the common features of the structure of the main groups— 
phyla—of organisms living and extinct (p. 392). 

The microscope: tissues and cells 

Besides this naturalistic approach there was another from 
medicine. Though the amalgam of classical Galenical medicine 
with its Arab commentaries still dominated medical practice, the 
old theories of medicine based on the humours could not stand 
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in the face of the advance of chemical and biological science. 
Yet even as late as the beginning of the nineteenth century 
there could be nothing effective to put in their place. The 
result was an era of wild speculation and system-building in 
which inspired quacks, like Mesmer with his animal magnetism, 
and over-confident anatomists, like Gall with his phrenology, 
gained a wide following. 

At the same time, the renewed interest in anatomy and 
physiology was to lead to the greatest advances since the 
Renaissance in the understanding of the body in health and 
disease. Bichat (1771-1802), in his short life, virtually re¬ 
founded pathology^ and by the careful study of the structure of 
the different organs distinguished the tissues—nervous, arterial, 
venous, muscular, fibrous, glandular, epidermal—that were 
common to many of them. This study was followed by others 
in which the new achromatic microscopes of Amici (1827) 
enabled a far greater insight to be obtained into the fine 
structure of tissues, histology, than had been possible to the 
pioneers of the seventeenth century. This revealed that the 
tissues in turn were composed of cells—square cells for the liver, 
long cells for the muscles, enormously elongated cells for the 
nerves. 

The cell theory 

The whole body, as Schlieden (1804 81) and Schwann 
(1810-82) pointed out in 1839, could be treated as a colony 
of cells, and, what is more, all had arisen from one, or rather, 
two cells; the cell of the egg and the cell of the sperm. The 
actual growth of the organism from the fertilized egg-cell had 
been followed out by von Baer (1792-1876) at about the same 
time. The new science of embryology, which he virtually 
founded, also brought out the kinship of different animals 
in each great group or phylum such as the vertebrates. The 
cell theory made intelligible the growth of the individual, just 
as natural selection was to make intelligible the development 
of the species; and both seemed to be following a parallel 
track of evolution. The use of the microscope in all fields of 
biology began to reveal unsuspected complexities, but in the 
early stages they had very little effect on actual practice. It 
was only when the simplest kind of animals and plants, the 
fungi and the simpler single-celled protozoa and bacteria, 
came to be studied that some understanding of the life and 
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functions of cells was reached, and with it the possibility of the 
control of living organisms. 

Fermentation 

As often happens in the history of science, this achievement 
was to come from right outside biology, from the study of 
agricultural pests and of industrial chemistry. From before 
the dawn of civilization man had made use of processes gener¬ 
ally known as fermentation when the result was pleasant, or as 
putrefaction when it was not. By careful practise and exact 
following of rules they had even managed to secure a definite 
and reproducible control of certain limited sets of processes— 
the brewing of beer, the maturing of cheese, or the tanning of 
skins; but, like all technically achieved processes, it was 
extremely difficult and very dangerous to change them, and 
the enormous expansion of demand that was created by the 
new populations of the early nineteenth century made not only 
for expansion in consumption but also for numerous disasters. 

Pasteur and bacteriology' 

It was in the growing industrial town of Lille in 1855 that 
the young professor of chemistry, Pasteur, first came into 
contact with the activities of living ferments. The beer and 
the vinegar, usually good, would sometimes unaccountably 
go bad, and Pasteur, finding no chemical explanation, looked 
at them through the microscope. He found that when 
normal fermentation went on there were the little round 
cells of yeast, already studied in 1839 by Caignard de la Tour 
(1777-1859), but abnormal fermentations were characterized by 
different organisms, what he called the vibrios, because they 
kept on dancing continually in his field of view. 

Now Pasteur had made the critical chemical discovery of 
right- and left-handed molecules some ten years before (p. 455), 
and was already firmly convinced that the asymmetric mole¬ 
cules formed in fermentation could only be the result of actual 
living organisms and not of any inert chemical reactions. 
As a chemist he studied not only the appearance of the micro¬ 
organisms but also their chemical performance. He investi¬ 
gated whether they could live in or out of the air, and as a 
result was able to devise ingenious but practical ways, in¬ 
cluding the process now known as pasteurization, of preventing 
them interfering with the successful production of beer or vinegar 
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It was his knowledge of the living organisms in fermentation 
that spurred Pasteur on in his vigorous denial of the possibility 
of spontaneous generation of life and which led to his famous 
controversy with Pouchct (1800-72). There he showed that 
by excluding the invisible microbes of the air, animal and vege¬ 
table substances could be kept indefinitely without putrefying. 
He thus convinced the learned world of the facts which the 
chef, Appert,^-^2 as far back as 1810, had made use of in his 
method of preserving foods, by boiling them and sealing them 
in glass vessels, which was later to be the basis of the great 
canning industry. Appert’s methods were, of course, known 
to science, but it had been objected that his bottles contained 
no oxygen. Pasteur had to show that the filtering of air 
through cotton wool was equally effective in removing germs. 

Pasteur’s preoccupation with the organic side of fermentation 
also brought him into opposition to von Liebig’s view that it 
was due to a specific chemical ferment, and his success pushed 
this into the background. It was only in 1897 that E. Buchner 
(1860-1917), almost by accident, isolated such a ferment from 
ground yeast and inaugurated the study of enzymes. Thus in 
the end both von Liebig and Pasteur were proved right. 
Fermentation is brought about by a ferment, but that ferment 
can only be elaborated by a living organism (p. 6i6).‘^“'^ 

The silkworm disease and the germ theory 

In 1865 Pasteur was called to a more difficult task. The 
new industries of France depended very largely on the supply 
of silk, and this was threatened with extinction by a mysterious 
disease of the silkworms. Pasteur was sent to deal with it. 
At the time he was so little a naturalist that he did not even 
know what a silkworm was or that an ugly caterpillar later 
turned into a beautiful moth. Nevertheless, after a season’s 
intense research he found that the disease was due to a kind of 
organism that actually lived and grew inside the caterpillar 
itself. 

From then on he came to think more and more that the 
diseases of larger organisms, of animals and of men, were due 
to similar causes, to the minute germs of disease. This was 
not a new idea. In effect, it was as old as disease itself, and the 
phenomena of infection and epidemics bear witness to it. 
Jenner, indeed, had long before taken the first official practical 
step to control smallpox by vaccination^ which presupposed the 
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presence of an active virus of disease in a milder form in con¬ 
trast to the drastic inoculation with smallpox itself which had 
been practised for centuries. But these germs of disease could 
never be recognized, and the medical profession, into whose 
Aristotelian or even Hippocratic theories they did not at all 
fit, refused to admit their existence. Yet they had been seen 
years before by Leeuwenhoek by means of his simple but 
excellent microscopes. But there seemed to him no obvious 
connection between the minute creatures that he saw and the 
diseases that afflicted animals and men. 

When the evidence had accumulated on both sides for 200 
years the discovery of the role of bacteria became overdue. 
As in similar cases, Pasteur was neither the first nor the only 
one to make it. Koch (1843-1910), a young German country 
doctor, following Davaine, studied the multiplication of the 
anthrax bacillus, and developed the method of growth on 
gelatine which made it possible to obtain pure strains—a 
method he used later to isolate the agents of tuberculosis and 
cholera. Lister (1827-1912), in Scotland, developed the 
practical techniques of antisepsis that began to cut down the 
appalling mortality in hospitals. Pasteur was, however, the 
main standard bearer in the war against the microbes. 

Pasteur against the doctors 

More by his devotion to the good of mankind and his 
terrific force of character than by cold scientific argument, he 
succeeded in breaking down the opposition to this new approach 
to disease, for it was a very furious opposition, comprising 
almost the whole of the medical profession. Pasteur needed 
all his early reputation as a chemist, all his acquired reputa¬ 
tion as an industrial adviser and as a conqueror of the silk¬ 
worm disease, before he could persuade the authorities of the 
various hospitals to adopt what are now considered the most 
elementary precautions of asepsis. But once he had demon¬ 
strated his results of immunization, first for anthrax in cattle, 
and lastly and most spectacularly for rabies in man, popular 
enthusiasm forced even the doctors to accept his ideas. 

The foundation of scientific medicine 

The revolution introduced by Pasteur was effectively the 
foundation of scientific medicine. In previous centuries much 
had been found out about the body and its behaviour in health 
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and disease, but this was only a half-science, capable of pre¬ 
diction and palliation of symptoms, but lacking the telling 
proof of controlling disease by effective prevention or cure. 
The few methods of prevention such as quarantine and 
vaccination, or of cure like mercury for syphilis or quinine 
for malaria, had been intelligent utilizations of chance dis¬ 
coveries or tribal traditions. But because they were not based 
on any scientific theory they could not be generalized and used 
to cure other diseases. Without the germ theory it was im¬ 
possible to understand what was happening in acute infectious 
diseases, and doctors had to let them run their course and even 
helped unwittingly to spread them. 

The control of epidemics : bacteriology 

Once the germ theory and the technique were clearly 
grasped, dozens of devoted men could study an infectious 
disease in the field, track down the causal germ, and often, 
though not always, find an immunizing or curative serum, and 
even without this could indicate the precautions necessary to 
stop epidemics. Checked by improved sanitation, water-borne 
diseases such as typhoid began to disappear from Europe and 
the child-killing diphtheria to diminish. In turn the great 
scourges of cholera, plague, and malaria were controlled, 
except where poverty made the new measures impossible to 

^ppiy- 

The very success of the germ theory of disease in showing 
the way to control most of the acute diseases which decimated 
mankind in childhood and youth blinded public opinion, 
and to a lesser extent even the profession of medicine for a time, 
to the fact that only the advance guard of disccise had been 
driven back, and that in treating disease, as externally caused, 
the reactions of the body were being neglected. There still 
remained the crippling disease of rickets, and the killing 
diabetes, heart disease, and cancer, to challenge the scientists 
of the next century. Nevertheless, through bacteriology^ science 
had once and for all entered the field of medical practice and 
was soon to become an integral part of medical tradition. 

The work of Pasteur and his pupils, and of the other schools 
of bacteriology, meant much more for science than its immediate 
medical results, critical as they were in the history of civiliza¬ 
tion. He had, by his earlier work, already demonstrated 
that even the simplest of creatures did not arise de novo^ that no 
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creation of life on this earth was still going on. That these 
tiny organisms were alive seemed certain by their movements 
and reproduction. But their life must be a very different one 
from that of the higher organisms, a life that was essentially 
chemical rather than mechanical—dependent on molecular 
rather than on bony architecture. He was thus one of the 
great forerunners of the biochemical revolution of the twentieth 
century, 

Claude Bernard and physiological chemistry 

Another forerunner was also a Frenchman, Claude Bernard 
(1813-78), who studied the physiology of living men and 
animals and discovered that the important internal activities 
of the body were carried out by a complex balance of chemical 
reactions, many of which he unravelled, a balance the main¬ 
tenance of which was a necessary condition for life itself. The 
higher the organism, the more it tended to keep its internal 
conditions constant and independent of the external conditions, 
and was thus capable of reacting when simpler organisms were 
frozen into immobility or cooked to death. 

Neurology 

The study of the mechanism of nervous control, an aspect 
of physiology that had lain dormant since the experiments of 
Galen nearly 2,000 years before (p. 161), also came to life again 
in the nineteenth century. The function of the nerves both in 
sending messages to the muscles and receiving them from the 
sense organs was, thanks to the work of Bell (i 774-1842) 
and Magendie (i 785" 1855),^*"" understood, and their 

connections were tracked out through the vast complexity of 
the nervous system. This threw the first light on the con¬ 
trolling function of the most complex network of all: the brain. 
Even in the nineteenth century materialist biologists were cast¬ 
ing doubts on the absolute nature of pure mental phenomena. 
Physiology was beginning to reveal how almost infinitely 
more complex were the bodies of even the simplest animals 
than anything the philosophers had imagined. 

Scientific agriculture 

Of the four sources of biological knowledge in the eighteenth 
and nineteenth centuries already described—natural history, 
medicine, agriculture, and industry—the contributions of the 
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last two have inevitably been mentioned in dealing with the 
first and second. Darwin’s ideas were much affected by the 
practical successes of the animal-breeder and horticulturist. 
The early bacteriologists first secured their successes in dealing 
with the diseases of animals, and Pasteur himself was led to 
bacteriology through the industrial process of wine-making, 
brewing, and silk manufacture. Nevertheless, there remains an 
independent stream of scientific thought which stems from the 
central problems of agriculture: How do plants grow in the 
soil, and what constitutes the food of men and animals ? 

From the beginning of the eighteenth century, wherever 
the capitalist economy had penetrated, the problems of agricul¬ 
ture were brought into the forefront. Venerable tradition no 
longer served when it was a question of getting the greatest 
returns from the land. Individual improving farmers banded 
together with progressive landlords in societies for the promo¬ 
tion of agriculture,and in view of the temper of the times 
it was natural that science should be involved in the task of 
laying bare its underlying principles. This, however, proved 
to be a very difficult one. 

Not until the mid-nineteenth century and after many false 
starts was it possible to go beyond the direct experience of 
farming practices themselves. It was a matter of trying out 
variations of existing methods, noting which gave increased 
yields, and following up promising clues. Great innovations 
came from industry rather than science in the form of farm 
machinery, which revolutionized ploughing, sowing, harvest¬ 
ing, and threshing. The steam-engine, however, gave far 
less to farming than it did to industry or transport. Complete 
mechanization had to wait for the smaller, lighter internal- 
combustion engine of the twentieth century. 

The nutrition of animals and plants 

It was on the chemical rather than on the biological or 
mechanical side that science made its most effective contact 
with agriculture. The pneumatic revolution in chemistry, 
beginning with Priestley and culminating with Lavoisier, had 
shown the animal organism as a kind of heat-engine burning 
food for fuel, and the plant as reversing the process, using sun¬ 
light to rebuild living tissue from waste gases and to restore 
the oxygen to the atmosphere. In Moleschott’s (1822-93) 
classic phrase, Life is woven out of air by light.” 
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None of this, however, could have any practical bearing 
until the role of the soil was elucidated. The practical farmers 
and gardeners knew that the soil fed the plants, yet the scientist 
from 1790 to 1840 was at a loss to know how precisely it did it. 
Van Helmont had shown, 200 years before, that a willow tree 
could grow on water alone. It seemed quite reasonable then 
to assume that the element watei had been transmuted into 
the element earth or wood. But after 1790 this was shown 
to be alchemical nonsense, and there was nothing to take its 
place till von Liebig’s classical investigations. His report on 
Chemistry and its Applications to Agriculture and Physiology (1846), 
prepared at the request of the British Association (p. 392), 
established the division of living tissues, and consequently of 
foods, into the now classical carbohydrates, fats, and albumin¬ 
oids (proteins). He showed that the first two were primarily 
fuels formed in plants from the carbon dioxide of the air, and 
that only the last of them contained nitrogen and were formed 
in plants from nitrates drawn up from the soil together with other 
essential elements, such as phosphorus and potassium, to be 
returned later to it from the excrements of animals in another 
great cyclic process of Nature. 

Artificial manures 

With the elucidation of the chemical role of the soil came the 
first explanation of the action of farmyard manure, and with 
it the possibility of supplementing it from other sources. 
Sir John Lawes (1814-1900), a gentleman of scientific tastes, 
turned his estate at Rothamsted into the first agricultural 
research laboratory, experimented with nitrates, phosphates, 
and potash from various sources as substitutes for farmyard 
manure, and even built factories to produce them. From this 
and analogous experiments in other countries came the great 
fertilizer industry, which in the latter part of the nineteenth 
century served the double purpose of intensifying agricultural 
production and supplementing the needs of textiles in building 
up a highly monopolistic heavy chemical industry ready to 
supply the war needs of the twentieth century. 

The food industry: refrigeration 

Parson Malthus considered that: “In the wildness of 
speculation it has been suggested (of course more in jest than 
in earnest), that Europe ought to grow its corn in America, 
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and devote itself solely to manufactures and commerce, as the 
best sort of division of the labour of the globe.” Before 
his jest could be played in earnest it was necessary to send out 
the men to grow the food in distant lands, whether as slaves, 
convicts, or hunger-driven emigrants, and to find the means of 
getting the food back in an edible state. Traditional means of 
doing this certainly existed—drying, salting, boiling, and freez¬ 
ing go back to the Stone Age—but they could never have been 
used on a scale adequate to feed tens of millions, if they had 
not been rationalized and transformed by the infiltration of 
science. 

On the one hand Pasteur’s life-work had shown the need to 
exclude germs, on the other the new thermodynamics showed 
the way of using a heat-engine in reverse to produce artificial 
cold (p. 421). Canning and refrigeration between them 
ensured that food could be made available wherever money 
could be found to pay for it. It also ensured the domination 
of the packing and refrigeration companies over all the open 
spaces of the world where beef could be moved on the hoof. 
One end of this process has been romanticized in the cowboy 
and the gaucho, the other is to be found in the stockyards 
of Chicago or Cincinnati, where the mechanization of slaugh¬ 
ter was to provide the prototype of the assembly line of the 
mass production of the next century. 

Applied biology : medicine and agriculture 

By the end of the nineteenth century biology had taken its 
place with the older sciences of physics and chemistry as a 
rational scientific discipline, though it still retained many of 
the vestiges of earlier magical and mythical beliefs. Nor had 
it as yet anything like the understanding and control of its 
material that the older sciences had already achieved. But it 
was already proving its practical utility. Indeed, the great 
economic advances of the latter part of the nineteenth century 
would have been quite impossible without the help of applied 
biology. In fact this is one of the best examples of the Marxist 
dictum that “ mankind always sets itself only such tasks as 
it can solve.” 5.57.357 

The vast agglomeration of people in nineteenth-century 
manufacturing towns could never have been maintained 
without the sanitary methods which were evolved as a con¬ 
sequence of the gradual appreciation of the germ theory of 
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disease. Nor could these populations have been fed without 
the application of the new chemical knowledge of the nutrition 
of plants. The use of nitrogenous and phosphate manures 
was the major factor in the increased productivity of the land, 
and in the possibility of extending, much farther than had 
previously been thought possible, the areas of cultivable soil. 
Finally, the tropical products such as rubber and oil^ so essential 
to the development of industry, could not have been won 
in the quantities required unless at least the worst of the tropical 
diseases had been brought under control. 

RETROSPECT 
Science in the age of capitalism 

We have now followed in outline some of the main streams 
of scientific advance in the eighteenth and nineteenth centuries, 
and have seen connections both with the material development 
of society exemplified in the Industrial Revolution and its 
consequences, and with the evolution of thought which was 
needed to bring man into effective relation with his new 
socially created environment. It was in this period that capital¬ 
ism came fully into its own, flourished most exuberantly, and 
began to show the first signs of decline. Science also grew 
mightily and continuously, apart from minor fluctuations, and 
its growth must have been even more rapid than that of the 
economy as a whole, for it occupied a far more important 
position at the end of the period than at the beginning. In 
the early eighteenth century it provided, in the steam-engine, 
the motive power for an industry that was still largely built 
on a basis of traditional techniques, and owed much to in¬ 
genuity and little to science. Towards the end of the nine¬ 
teenth century new major industries based entirely on science 
were arising. In addition, science was permeating the older 
craft industries and agriculture itself. At the beginning 
science still had more to learn from industry than it could 
give to it, at the end the very existence of industry was bound 
up with science. Through the technical transformation of 
industry that it had made possible, science was affecting the 
development of capitalism, enabling it to turn away from the 
individualist free competition of small-scale industry to the 
large monopolist undertakings with deliberately planned and 
scientific production methods. 
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A comparison between the scientific revolution of the 
sixteenth and seventeenth centuries discussed in Chapter 7 
and the Industrial Revolution of the eighteenth and nine¬ 
teenth brings out the radical change in the kind of relation 
between science and economic life. In the first period, as 
we have seen, the call on science and its effective answer were 
on a very limited front, hardly more than that of astronomy 
and navigation. In the second the whole range of industrial 
activities was included: mechanism, power, transport, chemi¬ 
cals, and munitions. Correspondingly the science of the first 
period was concerned mainly with new instruments for the collec¬ 
tion of information about Nature-telescopes, microscopes, 
thermometers, barometers—and with the mathematical analysis 
needed to design them and interpret their results. In the 
second period, though instruments continued to develop and 
multiply, they were now only a part of the material products 
of science. New machines—steam-engines, turbines, dynamos, 
electric motors, chemical plant—all designed not just to find out 
about Nature but to change it were the characteristic products 
of the eighteenth and nineteenth centuries. 

Between one revolution and the other science had indeed 
changed from the passive to the active role, from the investiga¬ 
tion of Nature to the ‘‘ effecting of all things possible.” This 
transition was made possible, technically by the very develop¬ 
ment of machinery, largely the fruit of joint efforts of workmen 
and scientists, and economically by the availability of capital 
in ever-increasing amounts as the profit from earlier invest¬ 
ments accumulated. It is this strictly capitalist mode of 
financing technical and scientific advance that accounts for 
the great bursts of activity in the late eighteenth and mid¬ 
nineteenth centuries. 

Compared with any previous era a prodigious effort was 
expended. It is only when we look at it in terms of the absolute 
or relative efTort of today that it seems so puny. The total 
amount, for example, spent on scientific research in Britain in 
the whole nineteenth century cannot have been much more 
than a million pounds.^*® We now spend on civilian research 
alone seventy-five times that amount annually. The links of 
science with profit also account, as I have shown elsewhere,^*^ 
for the highly irregular rate of that advance. Even when an 
application of science seemed to promise large returns, the 
lack of available capital for ventures that would lock it up for 
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some years, and could not be guaranteed success in the end, 
deterred all but the most sanguine entrepreneurs. 

The working class and Socialism 

The capitalists had used science most willingly when it 
served their purpose for increasing profit. They used it 
reluctantly and belatedly in applications for the public good, 
such as health and education. They absolutely refused to use 
it when it was a matter of examining and possibly altering the 
system from which they drew their wealth. But if they would 
not do so, others would. In the process of making science 
serve profit the capitalists had shown the way to the large-scale 
social mode of production that would make the profit motive 
unnecessary. They had at the same time brought into 
existence a working class to whom the capitalist system stood 
for toil, insecurity, and want. 

At the outset of the period a new emergent capitalism was 
effectively shaking off the last vestiges of the old feudal system 
of production and was setting out on a career of progressive 
expansion. At its end, capitalism, enormously developed, had 
spread its dominion all over the world, but it now stood on 
the defensive against a newly risen working class, all but ready 
to move on to a new and more comprehensive socialist mode of 
production, and one able to use the results of science to the 
ful (pp. 496, 836 f.). 

In assessing the effects of science on life and thought over 
the eighteenth and nineteenth centuries, it is accordingly 
necessary to trace the transition from its liberating effects 
at the beginning, where it was allied to all the forces of pro¬ 
gress, to its ambiguous and uncertain state at the end, where 
progress could no longer be taken for granted and war and 
social revolution loomed over the mental horizon. The divid¬ 
ing line came with the French Revolution and the reaction 
that followed it. For all their patronage, both the old regime 
in France and the Church and King party in Britain, with their 
base in landed property, had necessarily to stand against 
science. The advancement of science accordingly became 
associated in the latter eighteenth century with rising industry, 
political reform, and liberal theology, serving largely to justify 
an optimistic and progressive outlook. 

After 1815 the position was no longer so simple. Science 
itself was deeply divided into conforming and liberal sectors, 
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as exemplified for instance in the history of geology and in the 
evolution controversy (p. 468). Its old tradition and the 
practical effects of its discoveries tended to identify science 
with the great nineteenth-century expansion of capitalism, 
but the identification was no longer whole-hearted or cheerful. 
Against it stood the evident fruits of the application of science 
in the blight and ugliness of industrial areas, and with it 
the awareness, hostile or conscience-stricken, of the mob, of 
the new proletariat. The spectre of Communism—however, 
as yet, ineffective in action—haunted the intellectual as well 
as the political scene. After 1870 much of the cheerfulness 
had evaporated and an apocalyptic note crept in. 

Science in the world of ideas 

The direct effect of science on the ruling ideas of the period 
was far less important than its indirect effect through its 
association with the Industrial Revolution; but it was never¬ 
theless by no means negligible. The revolution of thought in 
the physical sciences of the eighteenth and nineteenth centuries 
was not of the same critical importance as that of the sixteenth 
and seventeenth. Indeed it might seem more proper to talk 
not of a revolution at all, but of an enormous spread of the 
results of the earlier revolution—as expressed in the Newtonian 
synthesis—first to other fields of science, such as heat, elec¬ 
tricity, and chemistry, and then to the realm of economics and 
politics. The extensions in themselves were nevertheless in 
some sense radical innovations. Materially, it was through them 
that science first became effective in industry, that the natural 
forces of steam and electricity were harnessed, and that the 
transformation of matter, hitherto ruled by tradition, could 
be directed consciously to planned ends. In the field of 
ideas, if no comparable break with the past was made by the 
physical sciences, the extension to new fields brought out 
unsuspected aspects of Nature in the interaction of electricity 
and magnetism, and in the character of chemical reactions, 
and led to some grand generalizations such as the laws of 
conservation of mass and of energy and the electromagnetic 
theory of light. 

Evolution as a social force 

The really radical innovations were, however, to be furnished 
rather by the developments of the descriptive sciences, where 
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mathematical analysis could still find no foothold, culminating 
in the great Darwinian synthesis of evolution through natural 
selection. Darwin’s own contribution came later, as the finally 
inescapable conclusion of long years of geological and biological 
observation. It would have been acceptable long before, but 
for the resistance of clerical and landed interests, who felt 
instinctively that its acceptance meant the end of any justifica¬ 
tion of a divine ordering of the world. Newton had, through 
his new framework of the celestial world, largely restored the 
credibility of design which had been so shaken by Copernicus 
and Galileo; Darwin struck closer home at humanity itself. 
As an innovator Darwin was, quite justly, compared to Coper¬ 
nicus. The world of religion had survived and had, indeed, 
almost forgotten the upset that had been caused by the break¬ 
up of the astronomical world-picture of the ancient East. 
But it still had the pictiire of creation untouched, particularly 
that of man himself in the image of God; whereas after Darwin 
there was very little left of the book of Genesis as a literal 
account of history. It was some time before the appropriate 
face-saving formulae could be discovered, and religious truth 
found to be on another plane and not liable to any contradic¬ 
tion from vulgar facts. The suggestion that God, in his wisdom, 
had buried the fossils in the rocks to tempt free-thinking geolo¬ 
gists into perdition, put forward seriously by Philip Henry 
Gossc, Edmund Gosse’s father, was considered too far-fetched 
as an explanation to provide valid escape. However, as Pope 
Pius XII stated ex cathedra in 1948 that the first chapter of 
Genesis must be understood in an allegorical sense, the con¬ 
troversy must now be deemed to be over except for some 
Protestant fundamentalists. 

The Origin of Species arrived at a time when its message was 
badly needed. It was taken up by the radical, anti-clerical 
wing in economics and politics, made as it was very largely in 
the image of their own theories of laisserfaire and self-help. 
It made possible the justification of everything that was going 
on in the capitalist world, the ruthless exploitation of man by 
man, the conquest of inferior by superior peoples. Even 
war itself could be justified by comparison with Nature, “ red 
in tooth and claw.” The old excuse for the dominance of 
classes or races, that they were chosen people or the sons of 
Gods, had faded, and new excuses were needed to justify their 
continuation in a rational and scientific world. Darwinism 
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provided it, although this was the last thing Darwin himself 
wanted. 

The fundamental importance of the theory of evolution 
was that it introduced a historical element into the field of 
science, thus breaking definitely with the orthodox branch of the 
Greek tradition, with the eternal truths and fixed species of 
Plato and Aristotle, and returning to the earlier and heretical 
branch of the old Ionian philosophers and of Democritus, with 
their emphasis on rational development and change. By 
bringing liistory into science Darwinian evolution might have 
been the bridge between natural and humane studies, but this 
it failed to be because of the strong reluctance of most of its 
proponents to push its doctrines home. Indeed, in its stress on 
the kinship of man and the animals, the social evolution of 
humanity was obscured in favour of a purely biological one, 
which was in turn to lead to the absurdity of the Nietzschean 
superman and to the justification of race theories and im¬ 
perialism. 

The links between the natural sciences and the social sciences, 
and the full implications of history in Nature and law in society, 
were not to be forged as a direct consequence of the theory of 
organic evolution. This was to be the work of quite another 
movement, at once of ideas and action, that arose as a conse¬ 
quence of the social effect of the Industrial Revolution and to 
which Marx and Engels were to give a theory and a programme. 
Though this occurred in the mid-nineteenth century, well before 
the Darwinian controversy, its full meaning and consequences 
were not to be apparent till the twentieth century, and the 
discussion of it has been left to Chapters 12 and 13. 

The social position of the scientist 

The transition from science as a liberating idea, glimpsed 
at by a few choice spirits at the beginning of the eighteenth 
century, to a material force capable of changing the pattern of 
life, as it appeared to everyone at the end of the nineteenth, 
is not, as we have seen, one simple process, but the outcome of 
a conflict with many phases of alternating, rapid, or retarded 
advances. 

In that struggle the individual scientists could not avoid 
being forced to consider not only the eternal order of Nature 
but also the consequences of successful interference with 
it by the new forces of technology and science. They were 
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inevitably torn by conflicting impulses. Drawn, as most of 
them were, from the middle and upper classes—for the main 
body were easily able to assimilate and convert such individual 
recruits from the working classes as Faraday—they were 
associated with the great movements of capitalist development. 
Nevertheless, as scientists, they could not but see that the results 
of their efforts were being used increasingly for private enrich¬ 
ment, and were not leading to the improvement of the general 
lot of man. Only a very few scientists took a conscious part in 
denouncing these developments. Such were A. R. Wallace and 
H. G. Wells in Britain, Haeckel in Germany, and the group of 
intellectuals who rallied in defence of Dreyfus in France in 1894. 

The ideal of pure science: cosmic pessimism 

The majority of scientists, however, turned away from the un¬ 
pleasant choice presented to them, and took refuge in a concern 
with the pure truths of science. They felt that if they personally 
were not making money out of their discoveries they were in 
some way free from the blame of being associated with their 
use for private profit. 

This attitude could not fail to colour their ideas and theories 
even in science itself. In spite of the enormous success which 
scientific ideas had had in revealing the structure of the world, 
from the nebulae to the human brain, and in spite of the grand¬ 
iose picture which the theory of evolution offered of a continuous 
progress, the long-range scientific outlook became, by the end of 
this period, essentially pessimistic. The picture of the universe 
was unlighted by any conception of a humanity deliberately 
setting itself to master Nature for the benefit of their own and 
subsequent generations. It therefore tended to be one of a 
blind fate, leading through iron laws to inescapable death. 

The limits of science 

Science appeared finite. The increasingly coherent and 
unitary picture of the sciences that their progress in the nine¬ 
teenth century had revealed seemed to them a sign that science 
was nearing its end. In physics, the originally separate forces, 
light, electricity and magnetism, and heat, were all joined 
together in one grand electromagnetic theory. Although 
gravity was not understood, its agency was fully predictable, 
and in fact the view of Laplace, that the whole of the universe 
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Map 4.—scientific AND INDUSTRIAL EUROPE 

lo illustrate the^distribution of scientific and industrial centres in Europe and 
adjacent countries in the eighteenth, nineteenth and twentieth centuries, Chapters 
8, 9, 10. Only the major industrial towns and ports arc marked. I’he univer¬ 
sities shown arc of very different importance as centres of science; a few of the 
major ones are specially marked. The older foundations cluster round the central 
spine of Europe, shown in Map 3. In the nineteenth and even more in the 
twentieth century the spread to the East is marked. For the corresponding dis¬ 
tribution of scientific centres in America, see the insert on Map 5 (p. 932). 
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In this tabic, wliich covers the cigliteonth and nineteenth centuries, it is possilde 
tf) give a more ordered presentation of scienlific and technical progress. The first 
three columns cover political, intellectual, and economic developments. ’Fhc 
central column combines the achievements of engineering and rncclianics, leading 
up, on the one hand, to the development of heat-engines and semi-automatic 
machinery and, on the other, to the great central generalization of the nineteenth 
century, the conservation of energy and thermodynamics. The fourth column is 
devoted to electricity, which towards the beginning of the nineteenth century 
illumines chemical theory^ and as the twentieth approaches becomes more involved, 
through the telegraph and electric light, wuth the service of commerce and industiy\ 
In column five we can trace the pneumatic revolution of the late eighteenth 
century and the more drawn-out, but equally decisive, elucidation of organic 
chemistry in the nineteenth, both linked at every turn with an expanding chemical 
industry. Finally, in the field of Biology and Geology, we can trace the sequence 
between the first classification of Linnaeus and the definite establishment by 
Darwin of the principle of Evolution. 
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consisted of particles whose motion would be known for all 
eternity if it were known at one moment, justified a picture of 
fate more all-inclusive than any the Greeks had had. In 
chemistry the elements had nearly all been discovered. Men¬ 
deleev’s great generalization had even shown how many of 
them there could be, and how few were still to be found. In 
biology the Darwinian theory had shown that evolution itself 
had become a fatalistic progress of chance and struggle. 

Of course there was still very much for science to do; each 
scientist in his own field saw an unlimited future of detailed 
discovery before him, for, oddly enough, in spite of these great 
generalizations of theory, science had become more specialized 
at the end of the nineteenth century than it had ever been be¬ 
fore or was to remain after. Specialization itself was a way of 
escaping the too heavy burdens of a general view of the universe. 
Cosmic pessimism was balanced by confidence, if not com¬ 
placency, about the present stale and immediate prospects of 
science and society. 

Whatever they felt about their own subject, nineteenth-cen¬ 
tury scientists knew that the general framework of scientific 
theory was secure, that the heritage of Newton had been largely 
fulfilled, and that the odd phenomena which did not seem to 
fit with this classical picture would no doubt turn out to be 
explainable if only someone with sufficient ingenuity would 
tackle them. In exactly the same way they agreed with the 
sentiments of the people among whom they mixed who felt 
that the order of society—the stock exchanges, the freedom of 
enterprise, the freedom of travel and trade—were, if not 
absolutely realized now, on the point of being realized, and that 
an era of indefinite intellectual and material progress was at 
hand. There were, of course, clouds on the horizon: labour 
troubles, an unpleasant increase in general armaments; but 
with good sense, and a realization that it was to the advantage 
of everyone to maintain a peaceful capitalist economy, they 
hoped the clouds would pass away. The future, they felt, must 
needs be a magnified but rather uninteresting prolongation of 
the past. These expectations, both in science and in society, 
were doomed to be disappointed in a way that we now know 
only too well. The twentieth century, as we shall see in the 
ensuing chapters of this book, was to open great and new 
perspectives for science and society. 
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Part VI 

SCIENCE IN OUR TIME 


INTRODUCTION 

THE TWENTIETH-CENTURT BACKGROUND: THE 
REVOLUTIONS IN SCIENCE AND SOCIETY 

AS we reach our own times history blends into remembered 
/\ experience. Here we are close to the events^ are watch- 

JL ing struggles still unresolved^ with their protagonists 

still alive and active. All this makes it especially difficult to com¬ 
prehend what is happening, to analyse and judge the signi¬ 
ficance of the movements of science and society. Yet despite 
this the effort must be made, for while it may suit historians 
in general to avoid dealing with recent periods until time allows 
disinterested appraisal, that is doubly impossible here. A book 
that sets out, as this one does, to show the connections between 
science and social forces can be useful only if it can show how 
those relations, as we find them here and now, have arisen out 
of their previous history. No gap can be allowed between 
present and past. But to omit the story of science in the 
twentieth century would exclude the most important part of 
the whole argument, for it is in this twentieth century that 
science has come for the first time into its own. Far more 
scientific work has been done in the last fifty years than in the 
whole of previous history. And this is no mere quantitative 
growth; at the same time there has been greater advance in 
the knowledge of the fundamental nature of matter, animate and 
inanimate, than in any comparable period in the past. We 
may reasonably speak of a second scientific revolution in the 
twentieth century. Further, and this touches more closely the 
purposes of this book, for the first time in history science and 
scientists have been involved directly and overtly in the 
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major economic^ industrial^ and military developments of 
their time. 

The problem is no longer^ as was the case in the earlier chap¬ 
ters of this book^ to demonstrate how science has affected the 
course of history. The effects of science in the past were real 
enough^ but they had to be sought for. The danger had been 
that science would be thought of as an appendage—interest¬ 
ing, brilliant, but remote from the main stream of history. 
Now, half-way through the twentieth century, the danger is the 
opposite one, that of giving science too much credit for good or 
ill in the tremendous and disturbing changes, the wars and 
revolutions, that this century has already witnessed. 

It is no accident that the revolutions in science and society 
should occur together, but it would be too simple a view to 
make either one the consequence of the other. The inter¬ 
actions have been far more subtle and reciprocal, and their 
disentangling will be the main task of the remaining chapters of 
this book. 

What need to be sought out, at every major turn of events, 
are the social and economic forces that have helped to determine 
the general directions and speeds of scientific advance, and con¬ 
versely, the points at which scientific discoveries have come to 
modify profoundly the course of economic and even political 
events. 

A time of transition 

The events, terrible, rapid, confusing as they have been, are 
not without a general pattern. We are living in an age of 
transition from one kind of society to another, in the middle of 
conflicts still unresolved. The division of the world which 
first appeared in 1917 is an index of the sharpness of the con¬ 
trast between the old and new forms, but it only brought out 
into the open conflicts already latent in the apparently uniform 
society of the nineteenth century. However differently people 
may feel as to the explanation and the outcome of the struggle, 
no one can deny its existence. The whole system of capitalism, 
first established 300 years ago, is now being challenged by 
another, socialist, system which has arisen out of the inner con¬ 
flicts of capitalism itself. 

For most of the twentieth century, however, it is not the 
open challenge represented by the existence and growth of the 
Soviet Union that has been the main determining factor 
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in world history. It is rather the continued working of forces 
from an earlier time. Two of the decisive events of the cen¬ 
tury^ the First World War and the great slump of 1930, were 
the products of political and economic difficulties wholly inside 
capitalism, and so were both the preparations and the early 
stages of the Second World War. The evolution of capitalism 
went on for the whole period and it is still the dominant 
economy over a vast, if diminishing, portion of the world. 

The evolution of the socialist part of the world, first in Russia 
alone and now in China and in many other countries, has 
necessarily been of a different kind. Partly on account of the 
initial poverty of the countries and partly because of the hard 
struggles that have had to be waged to build up a radically new 
economy, in the face of continuous interference from external 
enemies, it is only in very recent years that the socialist 
countries have begun to claim a leading part in world economy, 
technology, and science. 

Nevertheless, in spite of this lag, the importance of the de¬ 
velopments in the socialist countries is far greater than their 
mere scale would indicate. They represent a new kind of way 
of employing natural and human resources. R eference to them 
must constantly be made in order to compare them with 
developments in capitalist countries, particularly in that of 
the imperialist powers old and new—Britain, Germany, France, 
and the United States. 

Alonopoly and imperialism 

In the capitalist world the major feature of the twentieth 
century has been the rapid growth to complete dominance of 
large combines, trusts or cartels, partly commercial, partly indus¬ 
trial. Even their names arc familiar all over the world—Du Pont, 
General Motors, Krupp, Schneider Creusot, Imperial Chemi¬ 
cal, I.G. Farben, etc., not to mention the nominally dispersed 
empire of Standard Oil or the wide range of Morgan interests. 
The tendency to monopoly, already evident in the late nine¬ 
teenth century, has in the first place an economic source. Trusts, 
exercising partial or complete monopoly, had great advantages 
over small competitive firms in securing profits, no longer at the 
mercy of market fluctuations, and in tiding over bad times. 
They were also favoured by technical factors, such as the 
development of the internal-combustion engine creating the 
motor industry and providing in turn vast markets for a new 
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oil industry. The technical innovations themselves, such as 
mass-production, raised the amount of capital necessary for 
manufacture on a scale large enough to be profitable to a 
level only monopoly firms could reach. Finally, science itself 
has helped the formation of monopolies through the same re¬ 
quirement of large capital outlay. The industries mainly or 
entirely founded on science, such as the chemical and electrical 
industries, were monopolistic from the start. As a conse¬ 
quence, as we shall see (p. 896), some eighty per cent of industrial 
science is carried out in the research departments of monopoly 

firms.®*36; 6.36 

The very existence of trusts and cartels provides pro¬ 
tection for prices well above the competitive level. This, 
combined with the reduction in costs obtained by large-scale 
production, making fuller use of engineering and scientific 
research, has helped the monopolies to secure ever greater 
profits. They have consequently been able to increase in 
range through mergers and new ventures. Their network of 
control, only part of which is ever made public, puts them in an 
apparently unassailable economic position. As productive 
enterprises they undoubtedly mark an improvement on the 
small traditional, rule-of-thumb firms that they broke or ab¬ 
sorbed. Nevertheless experience has shown that they are no 
better able to escape the nemesis of all production for profit. 
The greater the efficiency of exploitation of labour they have 
achieved the more difficult it is to find consumers from among 
those same workers for the goods they produce. It has been 
the need for new markets and for the protection of those already 
acquired that has led monopoly interests virtually to take over 
the functions of government to further their own purposes 
(P- 795 )- 

From 1880 onwards government policy, particularly foreign 
and colonial policy, has largely been dictated by the urge 
to secure greater and greater shares of the world markets for 
the products of monopoly enterprises, especially in the exports 
of such capital goods as steel and machinery. This is the pat¬ 
tern of imperialism —once proudly flaunted, now a reproach 
which needs to be explained away—which in one form or 
another, under the Union Jack or the Stars and Stripes, 
remains the dominant form of capitalism. 

Despite arrangements arrived at from time to time to share 
out the markets of the world among the monopolies of different 
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countries, these could not be lasting and rivalries tended to 
increase. Whenever the allocation of markets seemed no longer 
to correspond to the real strength of the powers, the only means 
of changing this was military force. Hence the many wars, 
small and large, which have plagued the world these last seventy 
years. War and war preparations have also themselves been an 
essential outlet for the products of the most powerful monopoly 
firms in the steel and chemical industries. They have provided 
unlimited orders and no excessive scrutiny of prices. Never¬ 
theless, whatever advantages war has brought to the monopo¬ 
lists of the successful countries in the way of increased markets, 
the fundamental difficulty of disposing profitably of the products 
of industry remains, and crises of a severity unknown in previous 
ages have been the only alternative to war. Even the inter¬ 
mediate state of the Gold War in which we now live is showing 
signs, now that the Korean fighting is over, of failing to provide 
for enough profitable production. 

These brief paragraphs may serve as an introduction to the 
political and economic background of our times. A more 
critical appreciation is reserved till after the discussion of the 
social sciences in Chapter 13 (pp. 888 ff.). 

The place of science and technologp in the era of monopoly 

The tightening of the links between monopoly, imperialism, 
and war has had the further effect of bringing governments, 
whose primary responsibilities and greatest expenditure are on 
armaments, directly into the development of new weapons to 
be manufactured by the big monopoly firms. These weapons 
—guns, aeroplanes, tanks, poison gas, napalm, atom bombs, 
bacterial sprays—are becoming increasingly scientific, not only 
in original invention, but in constant subsequent improvement. 
They consequently involve governments in scientific research 
and development, growing at an enormously rapid rate. 
Military research expenditure already vastly overshadows not 
only that on pure science, but also even that on industrial 
research (p. 585). 

The effect on science of the nationalization of industries has 
been a very minor matter in comparison with its military com¬ 
mitments. This is due to the fact that as these industries were 
unprofitable under private enterprise very little research was 
done on them, and that now, under nationalization, it is of a 
very low priority. On the other hand the virtual taking over of 
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the finance of universities by governments in Britain, and even 
in the citadel of free enterprise, the United States under pres¬ 
sure of defence research contracts, has made an enormous 
difference to the status of research. Although for the time 
being the control exercised over research, at least in Britain, is 
very indirect, it does in fact mean that the general direction of 
fundamental research has now passed into governmental 

hands.®-7; e.u 

While these processes of concentration of power were taking 
place the independent competitive capitalists who dominated 
the nineteenth-century economies were rapidly being submerged. 
It is not that there is no room for the small man. Actually the 
ancillary requirements of modern large-scale industry offer 
opportunities for innumerable sub-contractors and component 
suppliers. It is rather that their relative importance has 
shrunk; they depend on the big firms; they have become 
clients and have lost their independence. The same loss of 
status has befallen the inventors and amateur scientists who 
played such a large part in advancing science since the seven¬ 
teenth century. From now on scientists and technologists 
alike, together with most of the doctors, have ceased to be 
professional men in the old sense, exercising their skill for 
fees or working on their own account, and have become 
employees or executives of government departments or large 
firms. 

This change, which has come about, at first gradually, then 
very rapidly during and after the Second World War, is bound 
to have a profound influence on the attitude of scientists not 
only as individuals but also in relation to their work. It 
creates a deep conflict between their immediate dependence 
on their source of livelihood and their responsibility for the 
safeguarding, advancement, and use of science, a problem to 
which we shall return later (pp. 897, 912 f.). 

Science in a socialist economy 

So far I have discussed only the economic trends that have 
affected science in capitalist countries. Its development in the 
Soviet Union and in other countries that have taken decisive 
steps towards socialism has been very different. There, where 
all major industries have been taken over by the State, where 
there is neither monopoly nor competition, there is a deliberate 
and conscious drive to develop and use science to the full. 
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This has been achieved not by subordinating science to the 
industrial and agricultural organizations that have there taken 
the place of private firms, but rather by using the old academies 
(p. 901) and turning them from the honorific societies they had 
become into active centres of research and higher teaching. 
It is the scientists, grouped in the academy and its institutes, 
who plan this work, with the object of securing at the same time 
the most fruitful intrinsic growth of science and the maximum 
of help that can be given to the full utilization of natural and 
human resources. Here there is no space to describe the system 
in detail, but it will be referred to again in connection with various 
aspects of scientific work (pp. 573 f., 666 f., 824 f.).®*^®’ 

Interactions of industry and science 

Modern industry is permeated by science, and in certain 
lines, such as electricity and chemistry, it is largely a scientific 
creation. It is therefore no longer relevant, as it was in earlier 
times, to describe the specific characters of industry and to 
follow with their influence on scientific thought. The degree 
of inter-penetration is already too great. It is only worth 
attempting to bring out the general character of the influence 
of technology on science and to illustrate particular interactions 
as they arise in later chapters. 

The technical developments of the twentieth century already 
indicate that we arc here in the presence of a second or perhaps 
third major industrial revolution. The comparison may, 
however, obscure the fact that it is a revolution of a new kind, 
one in which planned scientific research is taking the place 
more and more of individual mechanical ingenuity. Further, 
while the great Industrial Revolution was concerned largely 
with the production and transference of force, relieving men, 
in principle, from hard muscular work, the twentieth-century 
revolution is largely in the substitution of the machine or 
electronic device for the skill of the worker, and should relieve 
him from the burden of monotonous clerical or machine- 
minding tasks. 

Although the first steps to such a revolution have been taken 
in the development of automatic and servo-mechanisms, this 
has been only a recent achievement. The earlier features of 
twentieth-century industry were more in the line of expanding 
and extending into new fields the devices of the nineteenth 
century. The impulse to the direction of twentieth-century 
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technology is provided by the special profitability of the mass 
media of transport^ communication^ and entertainment. 

In transport the motor-car, the tractor, and the aeroplane 
were made possible in the first place by the internal-combustion 
engine—itself a nineteenth-century development. These sub¬ 
stituted for the rigid and limited facilities of the railway the 
flexibility and range of millions of small units that could go 
everywhere and do anything. 

To make these for a great, new, low-price market meant the 
rapid spread of mass-production methods. The motor-car 
and the motor industry called in turn for vast extensions in the 
production of petrol, rubber, sheet steel, and plastics, which 
promptly found a multitude of other uses. A new engineering 
and light industry grew up in which centrally generated elec¬ 
tricity took the place of the stationary steam-engine, and this, 
together with the entry of electricity into the home, created a 
new heavy electrical industry. Less important economically, 
but more noticeable and carrying a larger contribution from 
science, were the new electrical communication industries of 
radio and television and the exploitation of photography in 
the cheap Press and the cinema. 

This catalogue unfortunately cannot be exhausted with the 
peaceful uses of technology. The aeroplane has had, almost 
from the outset, a primarily military objective, from which 
civil aviation can take some pickings. War is also responsible 
for the multiple refinements of electronics in telecommunication 
and radar and for the new lethal interest in atomic energy. 

Underlying the mechanical and electrical devices, though 
far less conspicuous, has been the rapid growth throughout the 
century of a new all-pervasive scientific chemical industry 
producing everything from fertilizers to detergents, from nylon 
to antibiotic drugs and, if called on to do so, ready to turn out 
explosives and poisons. 

Power and control 

The multifarious productions of science among which we 
live more and more of our lives depend largely on the use of 
two very general and extremely important new technological 
principles. The first is the availability of power in adequate 
quantities just where it is needed, whether in beating an egg in 
the kitchen, turning a twenty-ton casting in a factory, or 
cutting down a tree in the distant forests. This service which 
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electric grids and the ubiquitous petrol engine provide between 
them is one reason for the more than five-fold increase in 
productivity per man hour that has been achieved in the last 
fifty years in the United States. 

The second principle, likely to be even more important in 
the future, is that of precise and increasingly automatic control 
of all industrial operations, whether mechanical or chemical. 
Many chemical plants have already become fully automatic, 
with electronic devices keeping all the variables in control. 
In engineering, fabrication and assembly lines are well set on 
the same path. Between them, these two principles imply ever- 
increasing strength and skill which science makes available to 
industrial processes as a whole, thus supplementing and extend¬ 
ing without limit the range of the craftsman’s arm and brain. 
Of the two, the first is but an extension of the mechanical 
power of the Industrial Revolution. The second is something 
radically new, an extension of human senses, nerves, and brain 
by electrical means, and, through the unlimited range of the 
combinations it can ofl'er, is bound to have unprcdictably 
greater material and social cflccts. 

These influences on developments are likely to be fully felt 
only in the future. In the present and near past, the major 
changes have been due to the increased size and concentration 
of plant. It is this that has made possible the multiplication 
of industrial research laboratories which range from mere 
testing shops to almost university rank. What occurred quite 
exceptionally in the late nineteenth century (p. 402) is now 
the rule. Science has now won a definite place in industry. 
This, combined with the growth of similar laboratories in the 
government service, means that the interaction between science 
and the productive processes generally has now become much 
closer and more important. It has indeed become something 
radically different in the twentieth century from what it was in 
earlier ages : it is on a larger scale, it is much more rapid, and 
it is becoming a fully conscious interaction. 

The scale of scientific advance 

The scale of scientific effort has in the twentieth century 
increased almost out of recognition. In 1896 there were per¬ 
haps in the world some 50,000 people who between them carried 
on the whole tradition of science, not more than 15,000 of 
whom were responsible for advancing knowledge by research, 
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Fifty-eight years later there were at least 400,000 active research 
workers, and the total number of scientific workers in industry, 
government, and education is almost impossible to assess 
accurately, but must approach two million people. The 
expenditure on science has increased in far greater proportion, 
from less than half a million to more than £ 2,000 million, an 
increase of 400 times allowing for the change in the value of 
money. This implies an average rate of growth of ten per cent 
per annum. The rate of increase in the last few years has been 
much greater, up to twenty-five per cent (p. 585). Such rates 
of growth are far greater than those of any other element of 
society, greater even than that of military expenditure. Science, 
however, is still a long way behind, for though some ninety 
per cent of scientific expenditure is for war research and 
development, this is only twelve per cent of military expendi¬ 
ture. 

Such a rate of growth betokens more than a mere change in 
size, it is in itself an index of a profound change in the character 
of science and in its relations to society. Of that change there 
are ample indications from inside science and in the ever¬ 
growing dependence of industry and government on science. 
That dependence has become completely reciprocal. Not 
only has the total cost of science increased out of measure, but 
so also has that of its separate components. Even apart from 
the multi-million-dollar machines, now indispensable in many 
fields of physics research, ordinary laboratory costs arc beyond 
the purse of all but the wealthiest individuals or even of most 
teaching institutions, forcing dependence on big business or 
government. 

Another significant feature of the transformation is the change 
in geographical location. In 1896 practically the whole of 
world science was concentrated in Germany, Britain, and 
France, the remaining centres of science in Europe and 
America being in effect subsidiary local branches of the science 
of those countries, and there being virtually no science in the 
whole of Asia and Africa. By 1954, while the science of the 
old centres had grown considerably but unevenly, that growth 
was quite eclipsed by the enormous development of science in 
the United States and the Soviet Union. Japan, India, and 
China are now making substantial contributions to the advance¬ 
ment of science, and its spread to the remaining colonial world 
can hardly wait for the removal of imperialist restrictions. 
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A world science is indeed in process of formation, and one 
consciously linked from the very start with the expansion of 
industrial and agricultural production. It should be noticed 
also that though the philosophy of science differs widely between 
socialist and capitalist countries^ as also do the major uses to 
which science is puti both types of system have come to need 
science more and more urgently. 

The rapidity of application in science 

The second characteristic of science in the twentieth century 
is the far more immediate and rapid application of scientific 
discoveries. Although it still remains true that the science on 
which the bulk of twentieth-century technique is based is 
nineteenth-century science—in power production, in electricity, 
and in chemistry—inventions depending entirely on more 
recent discoveries have made their impact in minor but striking 
roles. Radar and television, plastics and artificial fibres, 
synthetic vitamins, hormones, and antibiotics, all are but the 
first samples of what will come from the great scientific revolu¬ 
tion of the twentieth century, and so also, if we are not careful, 
will the large-scale use of atomic and hydrogen bombs, radio¬ 
active and bacterial poisons. These are just examples of a 
principle more important than all of them put together, that 
of the universal possibility of using natural science, immediately 
or with a delay of a few months or years at most, in the for¬ 
mulation and solution of any problem in practical life. What 
happened almost by chance in the nineteenth century, or was 
brought about by the genius and force of character of a solitary 
inventor like Bessemer or a public-minded scientist like Pasteur, 
is now a recognized and almost routine way of tackling in¬ 
dustrial, agricultural, or health problems. 

Indeed, we have reached the stage at which it is foolish and 
self-defeating to leave such problems to the old stand-by of 
chance or rule of thumb. Research and development have 
become recognized disciplines embodied in rapidly growing 
institutions. Science has now entered industry in an intimate 
and operational way, and in doing so has been both enlarged 
and transformed. Nor has the development stopped there. 
The increasing scale of scientific application and the urgency 
that war and war preparations impresses on it have involved 
science ever more closely with governments, while in the newly 
established socialist countries science is necessarily invoked 
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from their very inception in every constructive scheme. It is 
from this experience of science that has grown a new conscious¬ 
ness of its power as an agent in social transformation. A 
modern community has come to depend on science for its 
very existence. We arc beginning to see in this century the 
realization of the hopes of the men of the seventeenth 
century like Descartes^ when he declared that through 
science we could “ become the masters and possessors of 
Nature ” (p. 310). 

Today we are participating in the culminating point of the 
revolution which such men as these started 400 years ago. It 
is one which is comparable in importance with that which 
ushered in the first human societies ; it is even greater, because 
of the unlimited further prospects it offers, than that which 
followed the invention of agriculture. It is now apparent that 
man is about to reach a state in which he can control his 
material environment through the conscious use of science. 
He can secure himself against want, abolish tedious toil, and 
by rapid stages reduce the misery of disease. How far this will 
be done is now seen to depend squarely on man’s ability to 
adapt his social forms to provide the co-operation that is 
needed to secure these aims and to overthrow the interests that 
stand in the way. Thus the science of human society and of 
its laws of transformation comes to occupy the central place in 
the determination of the future. 

The power of science to affect the life of man for good or evil 
is no longer seriously in doubt. The problem now is rather 
that of finding the means of directing science to constructive 
and not destructive ends. This, however, is a problem much 
greater than any in the particular sciences which we are con¬ 
sidering. We will return to it at the end of Chapter 14, when 
considerations from the physical, biological, and social sciences 
can all be brought to bear on it. Here it is sufficient to 
consider the more immediate and practical question of the 
most rapid utilization of science or of the means of closing 
the gap between scientific ideas and their practical utiliza¬ 
tion. This gap, which was formidable in the nineteenth 
century, existed for reasons that were primarily economical 
and not technical (p. 440). It took the abnormal conditions 
of the two great world wars to prove in practice that it 
could be narrowed, and to show the way this could be done 
even in peace. 
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Effects of war on science and scientists 

The First World War^ which fostered the development of the 
bombing aeroplane, the tank, and poison gas, gave some fore¬ 
taste—an exceedingly bitter one—of what science could do in 
war. By bringing scientists and practical men directly to¬ 
gether with the incentive of military requirements and relatively 
no restrietions on funds, it forced the recognition that there was 
no need to wait for years before putting an idea step by step 
through experiments and trials into full production. This 
lesson was no sooner learned than it was largely forgotten, as 
witness the slow pace of the development of such obvious 
winners as the jet engine (p. 565) and television (p. 546) between 
the wars. The Second World War was needed before the lesson 
could be accepted and acted on. The most spectacular proof 
of this was the production of the atom bomb—from the scientific 
discovery of atomic fission as a hardly detectable effect in 1938 
to a death-dealing horror in 1945, with the expenditure of more 
money than science had used in the whole course of human 
history up to that time (pp. 536 f.). 

Science and planning 

War produced the most outstanding example of the conscious 
use of science in the twentieth century. In all fields of industry 
and agriculture this new integrated approach began to be 
used. Indeed, it was from the outset the policy of the 
new socialist society brought into being by the Revolution of 
1917. Industry, agriculture, medicine, and even science itself 
began to be planned instead of being left to the chance of 
economic forces. For all their overt disapproval, industries and 
governments in capitalist countries began to copy the Soviet 
Union in its tendency to plan. In the light of experience 
of successes and failures it began to be seen that the applications 
of science did not just come of themselves, but that human 
needs had first to be discovered and that then deliberate and 
planned scientific effort was needed to find the means to 
satisfy them. This dawning consciousness of the function of 
science was one of the most characteristic features of the 
twentieth-century social revolution. It corresponded with an 
equally far-reaching, but as yet also incomplete, revolution 
inside science itself. 

The great and terrible events of the time—crises, wars, and 
revolution—whatever they might import to the main ends to 

503 



SCIENCE IN OUR TIME 

which science and technology were used, were, as we all know, 
quite compatible with a great new efflorescence of science. 
The stream of new discoveries and inventions, the depth and 
range of the new scientific theories arc, however, for all their 
novelty, but continuations of internal movements of scientific 
experiment and thought that have been progressing ever since 
the Renaissance. The inner nature of the advance of science 
in our time can be accounted for by reasons drawn from the 
internal history of science, though even here the influence of 
external factors has often been great. Nevertheless, the unpre¬ 
cedented scale and speed of die whole movement are linked 
directly to technical and economic factors. So also arc the 
general strategy of advance and the relative effort devoted to the 
different fields of science. 

Science pays its way 

The major and decisive fact is that, starting in the ’nineties, 
and with a momentum rapidly increasing in the First and 
Second World Wars, science began to pay its way. It became, 
fully consciously and immediately, what it had long been un¬ 
consciously and incidentally—an essential part of production. 
It was something worth investing in, directly by setting up 
research laboratories or indirectly by subsidizing universities 
where the workers for these laboratories could be trained and 
where basic research, of use to all, could be carried out. 

In the course of fifty years a complete transformation of the 
position of science in society was effected, in which three stages 
are already distinguishable. At the beginning of the period, 
in the ’nineties, we are still in the era of private science, that of 
the small laboratory of the professor or the back room of the 
inventor. The next stage, first evident in the ’twenties and 
’thirties of the new century, is the era of industrial science, that 
of the research laboratory, spending a few tens of thousands of 
pounds, and of the correspondingly expanded university de¬ 
partments and the now subsidized research institute. The 
third stage, appearing first in the Soviet Union but becoming 
universal in the Second World War, is that of governmental 
science, where the expenses of research and development run 
into tens of millions of pounds and vast establishments as large 
as towns are needed to house the men and equipment needed 
for it. For this only the State can find the money, though it 
may call on the assistance of monopoly firms, themselves almost 
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States in their own rights to spend it for them in the form of 
development contracts. 

With each increase in the scale goes an increase in the scope 
of the application of science. In the first stage it is for detailed 
improvements and small devices. In the second it is for whole 
new scientific industries for radio or fine drugs. In the third 
stage science reaches the greatest enterprises—the war pro¬ 
duction that has been made the focus of State capitalist enter¬ 
prise ; or the great constructive and Nature-transforming pro¬ 
jects of socialism. 

Science and everyday life 

With this expansion of scientific effort has gone a two¬ 
pronged extension of science into the processes of industry and 
into the apparatus of daily life. Science is at the same time 
becoming more useful and more familiar. Every phase of 
industry and agriculture is now permeated with science^ and 
more and more consciously so. Scientific instruments are 
used^ and scientific concepts arc replacing immemorial tradi¬ 
tions on the bench and in the fields. 

The same tendency now spreads to the home. Not only are 
the most elaborate scientific devices, such as television receivers, 
becoming familiar, but in the daily routine of cooking and 
washing, in the care of children, in the preservation of health 
and beauty, the products and the ideas of science are making 
their way. Not all the deceits and fables of advertising are 
sufficient to prevent the spread of a new all-pervasive and inti¬ 
mate effect of science. Indeed this interest produces in turn 
a practical impetus to science. The popular market for 
scientific gadgets is becoming a major source of profit, and this 
helps research; while the popular interest in science itself has 
brought into being a new profession of scientific journalism and 
an avidly read science fiction. 

The strategy of scientific advance 

These general considerations, while they go some way to 
explain the rapid increase in the scale and tempo of science 
during the century, need to be examined more closely before 
any account can be given of the particular directions taken in 
the sectors of scientific advance. Only in certain cases, and 
these not the most important scientifically, have economic 
needs had an immediate effect on the advance of specific 
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sciences. An example is furnished by the dependence of the 
study of atmospheric electricity on the development of wireless 
communication and the subsequent application of the prin¬ 
ciples of reflection in radar (p. 545). More commonly the 
impulse has been given by the inner developments of the sciences, 
and these have blossomed out wherever these developments 
have found extensive and profitable applications in peace or 
war. Examples are the wide search for antibiotics following 
the isolation of penicillin (p. 643), and for the atom bomb 
following the discovery of nuclear fission (p. 537). This type 
of relation betw^een science and society, in earlier times, has 
already been described. What marks out the twentieth cen- 
,tury is both the enormous scale of the industrial activities based 
on science and the rapidity of the interactions between scientific 
and technical advance. What some of those interactions were 
will be shown in outline in the succeeding chapters. 

The scientists^ reaction to historical events 

The effects of internal developments in science and those of 
technical and economic factors are, however, not even together 
enough to account for the character and the spirit of the 
twentieth-century advance of science. Much weight must be 
given.as well to the influence on the minds of the scientists 
themselves of the great events among which they lived, and the 
material and moral problems which their increasingly im¬ 
portant participation and responsibility brought to them per¬ 
sonally. Such influences were general and not specific, and it 
is impossible to attribute to them particular advances in science. 
They did, however, tend to draw workers to or repel them from 
such disputable fields as nuclear physics and micro-biology in 
the measure that these became identified with atom bombs or 
bacterial warfare. 

The most prevalent reaction of the scientists was to bar un¬ 
comfortable facts from their consciences, but this process itself 
meant turning their scientific interests in a more abstract or, 
as they would have put it, in a more purely scientific direction. 
The increasing insistence of some scientists on the purity and 
freedom of science is itself an indication of an uneasy con¬ 
science as to the social consequences of their work and as to the 
effects of social changes on the future of science itself (pp. 912 f.). 
On the other hand, a small but increasing number saw and 
welcomed the break-up of the old order, and understood how 
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science itself could be a liberating force, both in its indirect 
effects through transforming industry and directly by widening 
all men’s minds and giving them a greater possibility of realiz¬ 
ing their capacities. As a result of these diverging tendencies 
science was torn with conflict, but that in itself may actually 
have assisted its progress, because science has always grown 
on criticism, and especially in the twentieth century no theory 
or dogma was safe. Internally they were being attacked as a 
result of their own inconsistencies, and externally they were 
being more and more dragged into the economic and political 
struggles of the time. 

The rise of Nazism 

Until 1933, despite the upsets of the First World War, scien¬ 
tists as such had enjoyed a secure and to some extent privileged 
position nationally and internationally. Their work for the 
establishment of truth and the benefit of mankind was supposed 
to set them above the common conflicts of States and classes. 
With the coming into power of Hitler they were struck by the 
first wave of persecution, itself based on a perversion of science 
which had been used to justify religious prejudices in earlier 
times. The Nazis, inspired by their racial theories, first struck 
at the livelihood of Jewish scientists, then at their scientific 
beliefs, and refugee scientists of distinction appeared in many 
other countries, carrying with them their valuable learning 
and also some of the philosophy and prejudices of the German 
intellectuals. 

Twelve years of Nazi power, culminating in a devastating 
war and the insane scientific slaughter of tens of millions of 
helpless people, should have been enough to demonstrate to 
the men of science, no less than to others, the dangers still 
inherent in the irresponsible greed of capitalism and the need 
to take steps to prevent their recurrence. But the very enor¬ 
mity of the disasters and the fears for the future that they 
engendered, powerfully seconded by security and loyalty tests, 
have had a paralysing effect on the majority of scientists in 
capitalist countries. They saw themselves as part of a vast 
machine with the knowledge of what it could do but without 
the power to arrest its motion. The attitude of conformity, 
from which only a minority have escaped, cannot be limited 
to political or economic matters; inevitably it has coloured 
the character of scientific thought, making it at all points 
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more cautious, vague, and mystical, and above all pessimistic 
(P- 790 )- 

Science in the socialist world 

The attitude of scientists in socialist countries has been 
polarized by their experiences in a different direction. On the 
one hand they have suffered from the remorseless devastations 
of Europe and Asia, which have wiped out the fruits of years of 
painful effort and sacrifice. Through their experience they 
have learned something of the frustrated hatred which they 
inspired among the leaders of the capitalist world. On the 
other hand they have been inspired by hope, by the capacity 
for recovery and renewal that the peoples of the devastated 
lands have shown, and by the sure prospects, given peace, of 
far greater achievements than before. The effect of this has 
been to produce a critical, often violently critical, attitude to 
all aspects of science, theory as well as practice, that seem 
associated with the destructive and limiting character of 
capitalism. At the same time it has generated a positive 
belief in the capacity of the human mind to understand and 
control Nature that rejects in advance all intrinsic limitations. 
Though the different experiences of different cultures does in 
this way give rise to contrasting ideas as to the nature and 
purpose of science, the conflict between them may illumine the 
underlying forces of a world in a state of rapid transformation. 
We shall return to it in later chapters, after some of its mani¬ 
festations in scientific controversy have been discussed. 

Phases of transformation in the twentieth century 

The way in which economic and political factors interacted 
with the development of science will become clearer and more 
concrete when discussed in relation to the progress of the differ¬ 
ent branches of science, and this will be attempted in the follow¬ 
ing chapters. This treatment inevitably breaks up the time 
sequence, but science has grown so multifarious and is advanc¬ 
ing so rapidly that less is lost than would be if an attempt were 
made to break the period down and, as in previous chapters, 
to discuss the progress of the whole of science in each period. 
The events are, however, so recent and so fresh in the memory 
of most of the readers of this book that it should be sufficient 
first to recapitulate them very briefly, and then to call attention 
to them section by section as they arise. This is all the easier 
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in that, perhaps more than any other time in human history, 
our age is divided up by sharp breaks which mark off very 
definite phases, each with its characteristic features. The two 
great wars, with their immediate aftermaths of revolution, 
block out the early century. They are major events in science 
as well as in human history. 

Before the First World War came, world-dominant capital¬ 
ism had reached its last stage—the wealthy, peaceful, but 
increasingly troubled age of imperialism. Between the wars 
came the establishment of the Soviet Union as a viable economic 
unit and the great economic crisis of capitalism, with its after- 
math of Nazism. After the Second World War, and the 
triumph of liberation movements in Europe and Asia, reaction 
gathered itself together and the “Cold War” was declared. 
Whether this last phase is coming to an end and we are entering 
an interglacial epoch of mutual tolerance of the two systems, 
or whether a new world war will break out in a few years, still 
depends on how effective is the popular resistance to war. 

In tracing the interactions of science and society in detail it 
should be sufficient to have in mind the general character of 
the different periods, and to remember also that ever since 
1917 two world economies have to be considered, and that since 
1945 the peoples of Asia and of other undeveloped countries 
are coming into the picture. 

In the following four chapters the progress of the physical, 
of the biological, and of the social sciences are successively 
traced. The treatment is necessarily different in each case. 
The physical sciences, which are discussed in Chapter 10, 
underwent in the twentieth century a revolution as important 
and far more rapid than the great seventeenth-century revolu¬ 
tion. It was one which enormously increased their power as a 
means of understanding not only physics and chemistry but 
every branch of science. Biology, on the other hand, as will 
be shown in Chapter ii, was almost as radically transformed, 
but this was marked rather by a proliferating expansion than by 
any sharp break. The influences came largely from outside 
in the form of new techniques, new ideas, and new explanations 
from other sciences under the pressure of new problems pre¬ 
sented by an expanding agriculture and medicine. 

The situation of the social sciences is in a different category 
again. In the natural sciences the problem facing us in this 
book is to bring out social and economic factors and resultants 
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from a body of knowledge which reflects a Nature largely inde¬ 
pendent of human society. In the social sciences^ on the other 
hand, where what is reflected is human society itself, the prob¬ 
lem is to disentangle any objective reality from a maze of 
venerable traditions and new theories which consciously or 
unconsciously serve to perpetuate the rule of the wealthy. For 
that reason the treatment of the social sciences here has to be 
a much broader one, and must reach back much farther into 
past history. It cannot be confined, as arc those dealing with 
the physical and biological sciences, to the twentieth century. 
Accordingly it is dealt with in two further chapters. The first 
of these, 12, treats of the general nature of the social sciences 
and their history before the twentieth century; the second, 
13, brings the story up to date. 
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Chapter 10 

THE PHYSICAL SCIENCES IN THE 
TWENTIETH CENTURY 

lo.o—INTRODUCTION 

T his chapter is devoted to one vast sector of modern 
science that can be called very generally the physical 
sciences^ including also the techniques based on them. 
It is a category better defined by exclusion than enumeration, 
as one not involving the study of living creatures or of their 
products as such. For instance, the study of coal as a fuel or as 
a source of chemical products, properly belongs to the physical 
sciences; that of the formation of coal and of the light it throws 
on the conditions in the carboniferous forests belongs to the 
biological sciences. The unity of the physical sciences is 
assured by a common quantitative approach to problems, 
though qualitative description still dominates much of the field 
of the cosmological sciences: astronomy and geology. That 
unity, threatened by the dividing tendencies of nineteenth- 
century specialization, had since been reinforced by the wide 
range of the new observations and theory of the atom and of 
quanta. The old major divisions of physics, chemistry, and 
cosmological science still remain, but they are now recognized 
as merely practical working divisions; the underlying picture 
of matter is the same for all. That is why in treating the 
physical sciences pride of place must be given to the develop¬ 
ment of atomic physics, both on account of its absolute im¬ 
portance and because its first discovery and subsequent elabora¬ 
tion were made almost entirely in the present century. 

The revolution of physics in the twentieth century inevitably 
introduced a discontinuity between science and technology 
more marked than at any previous period, and that despite 
the greatly decreased lag between theory and practice. The 
basic engineering products, even the relatively novel auto¬ 
mobiles and aeroplanes, and the methods used in construct¬ 
ing them, notably mass production, still remain based on the 
science of the nineteenth century rather than on that of the 
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twentieth. More and more rapidly as the century progresses 
the gap is closing, or rather it is moving on through the range 
of industrial processes as the techniques based on the new 
physical knowledge—first of electronics and later of nuclear 
physics—penetrate the older industries and create new ones, 
such as television and atomic power. The existence of this 
gap, and the active transformation that is going on in industry^ 
constitute one reason why it seems desirable in this chapter to 
invert the order followed in earlier chapters, and discuss the 
scientific developments before the technical ones. Another 
and far more fundamental reason,, of which the first is really a 
consequence, is that in this twentieth century the relations of 
science and technology are rapidly being inverted. Science is 
less and less following technology, and technology is more and 
more following science. 

This chapter will accordingly begin with a discussion 
(lo.i, 10.2,10.3) of the great revolution in physics and of some of 
its more immediate technical consequences, in atomic energy 
and electronics (10.4). This leads to a discussion (10.5) of the 
impact of the theory of the atom and of the new techniques 
associated with it, on chemistry and on the cosmological 
sciences. Next (10.6) comes a discussion of the technology of 
the twentieth century, centred on the motor and the aeroplane, 
served by an increasingly, electrified, mass-production industry 
and by a scientific chemical industry (10.7), both concerned 
with the more intelligent exploitation of natural resources (10.8) 
and with the present over-riding use of science for war (10.9). 
At the end of the chapter (lo.io) an attempt is made to bring 
out the interconnections of science and technology, to show 
their relations to contemporary social movements, and to fore¬ 
cast something of what the future holds in store (lo.ii). The 
full argument on the constructive and destructive uses of 
science is deferred until the biological and social sciences can 
be taken into account. 

The revolution in physics and its phases 

Nineteenth-century physics was a majestic achievement of 
the human mind, an achievement that seemed to the people 
who were carrying it out a move towards a certain comple¬ 
tion of our picture of the operation of natural forces on the 
secure basis of the mechanics of Galileo and Newton. That 
picture was destined to be shattered at the very outset of the 
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twentieth century and to be replaced by another as yef un¬ 
finished. A study of the nature of this revolution can provide 
important lessons in the internal development of science and in 
its relations with society. 

Though the revolution in physics broke out abruptly~it can 
almost be dated to a ycar^ 1895—has moved forward ever since 
with steadily increasing momentum, and spread ever more 
widely through physical science and beyond. It includes 
moments of unexpected discovery like that of X-rays and radio¬ 
activity in 1895-96, of the structure of crystals in 1912, of the 
neutron in 1932, of nuclear fission in 1938, and of mesons be¬ 
tween 1936 and 1947. It includes as well great theoretical 
achievements of synthesis like Planck’s quantum theory in 
1900, Einstein’s special relativity theory in 1905 and his general 
theory in 1916, the Rutherford~Bohr atom in 1913, and the 
new quantum theory in 1925. It is possible, however, to dis¬ 
tinguish a great movement underlying these crucial achieve¬ 
ments, and to see that this movement did not proceed uniformly, 
but falls into at least three distinguishable phases, each linked 
with specific characters of the economic and social pattern. 

The first phase, reaching from 1895 1916^ might be called 

the heroic or, in a different aspect, the amateur stage of 
modern physics. In it new worlds were being explored, new 
ideas created, mainly with the technical and intellectual means 
of the old nineteenth-century science. It was still a period 
primarily of individual achievement: of the Curies and 
Rutherford, of Planck and Einstein, of the Braggs and Bohr. 
Physical science, particularly physics itself, still belonged to 
the university laboratory; it had few close links with industry, 
apparatus was cheap and simple, it was still in the ‘‘ sealing- 
wax-and-string ” stage. 

Nevertheless, the beginnings of industrial infiltration had 
already occurred. For example, the great cryogenic laboratory 
of Leyden University built in 1884 had close connections with 
the refrigerating industry. The Kaiscr-Wilhelm-Gesellschaft 
Institutes at Berlin Dahlem were founded as an expression of 
the interest of German heavy industry in scientific research. 
It was in 1909 that the General Electric Company chose 
the already distinguished physicist Irving Langmuir to direct 
their new research laboratory. It was indeed from such 
beginnings that the great expansion in industrial science arose. 

The second phase, from 1919 to 1939^ marked the first 
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large-scale entry of industrial techniques and organizations 
into physical science. Fundamental research was still carried 
on mainly in university laboratories, but the great individual 
scientists now led teams, were beginning to use expensive equip¬ 
ment, and had close links with the big industrial research 
laboratories. While physicists were working in far greater 
numbers and disposing of unprecedented wealth, physics itself 
was beginning to take on a wider range and to show new 
qualities. It was also beginning to pay off in industry: in 
radio, television, and control mechanisms. Already in the 
’thirties the influence of war preparation had begun noticeably 
to polarize physical science. In the service of war, close links 
were forged between the leaders of research in physics and chem¬ 
istry and the industrial and governmental research organizations. 

The third phase, which though it has run for only a few years 
is still distinguishably different, stems from the even greater 
expansion of physical science in the Second World War. It is 
essentially the first phase of government science, carrying with 
its enormously increased facilities an equally great danger of 
misdirection and restriction. The expansion of physics can be 
seen from the figures, which show a rise from about 300 to 
750 in the numbers of physics graduates per year from British 
universities in the decade 1938-48, and from 1,500 to 5,000 in 
the membership of the Physical Society. 

This increase has also meant an ever greater concentration of 
physical science than in the previous phase. By linking the 
progress of science directly to that of industry and armaments, 
it has become, in the capitalist world, more and more pre¬ 
dominantly American. Apparatus has become so expensive, 
and the teams required to work it so vast, that even industry 
cannot afford them, and only the most powerful States can make 
significant contributions to physical science. The prospects of 
older centres of culture are relatively depressed, as they offer 
few opportunities and cannot compete in attraction for scienti¬ 
fic work with the United States. Further, for the first time in 
history, the association of science with war has split science 
itself. Secrecy is imposed and with it tests for political loyalty, 
and science itself inevitably loses any pretence to a politically 
neutral character. 

Between these three phases arc interposed the two periods of 
war science of 1914-18 and 1939-45, which we must consider 
just as characteristic of the twentieth century as those of the 
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interwar years. Their scientific contributions were, however, 
quite different. The war years, particularly those of the 
Second World War, were above all periods of accelerated and 
planned application of science. In both cases the future was 
deliberately sacrificed to the present. An enormous scientific 
effort went to produce destruction and misery; nevertheless 
the very success of that effort showed what could be done with 
the same effort turned to constructive purposes. And both 
wars, especially the last, provided physical science with prob¬ 
lems to solve and the material means to solve them. 

lo.i—THE ELECTRON AND THE ATOM 
Physics in iSg 6 

The great movements of the twentieth century^ and the 
revolution in physical science that has accompanied them, 
have in the course of fifty-odd years turned physics into some¬ 
thing almost unrecognizably dilfcrcnt. To understand that 
revolution it is necessary to go back to consider the attitude 
and status of the science at the beginning of the century. The 
atmosphere of physics at the end of the nineteenth century was 
one which combined a coherent and intellectually satisfying 
theory with increasingly successful practical application. 
Faraday’s and Maxwell’s electromagnetism was finding its use 
in the new electrical light and power networks. The thermo¬ 
dynamics of Clausius and Gibbs was beginning to affect the 
design of heat-engines and chemical plant. Certainly new 
inventions were in the air. Electromagnetic theory was to 
give rise to wireless; thermodynamics had already led to the 
internal-combustion engine, which was to make cheap trans¬ 
port and human flight possible. All these, however, were but 
extensions of established knowledge, they offered no promise 
of leading to anything radically new. 

The electrical discharge 

The change was to come from the pursuit of neglected 
branches of physics where there were effects not easy to fit 
into the classical picture, yet apparently so unimportant that 
no serious doubt was felt as to their ultimate incorporation. 
Among the first to break the crust of nineteenth-century 
physical complacency was the study of the electrical discharge. 
The phenomena of sparks, arcs, and brush discharges had 
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always seemed a vague and unmanageable, though fascinating, 
minor branch of physics. In the middle of the nineteenth 
century they had attracted some attention in connection with 
the vogue for arc lighting, but this, by the end of the century, 
seemed destined to give way to the incandescent filament. 
However, the electric discharge also manifested itself brilliantly 
in vacua and, owing to the needs of the new electric-bulb 
industry, there was a drive to improve vacuum technique. As 
a result both of the revived interest and the new techniques 
several significant new observations were made in the late 
nineteenth century. Many of these did not seem explicable in 
terms of classical physics: Sir William Crookes (1832-1919), in 
1876, following observations of Faraday as far back as 1838, 
observed a luminous glow stretching from the negative end, the 
cathodey of a highly evacuated discharge tube. It seemed to 
consist of particles of some sort, torn out of the cathode. He 
called these cathode rays a new radiant form of matter. This 
was prophetic, for it was from the study of many such high¬ 
speed or radiating particles that the new physics was to be 
built. 

Rontgen and X-rays 

Johnstone Stoncy (1826-1911) glimpsed at this possibility 
and had called the cathode rays electrons in 1874 > Jean Perrin 
(1870-1942) showed that they carried a negative charge (1895); 
J. J. Thomson (1856-1940) measured their speed (1897). In 
November 1895, the trend of research was abruptly changed 
by an accidental and altogether unforeseen discovery. Konrad 
von Rontgen (1845-1923), then an obscure professor of physics 
at Wurzburg, had bought one of the new cathode-ray discharge 
tubes with the object of elucidating its inner mechanism. 
Within a week he had found that something was happening 
outside the tube; something was escaping that had properties 
never before imagined in Nature; something that made 
fluorescent screens shine in the dark and that could fog photo¬ 
graphic plates through black paper. And they were such 
astonishing photographs—photographs which showed coins in 
purses and bones in the hand. He did not know what the 
something was, so he called it the “ X-ray.” This was a 
scientific discovery with a vengeance; it was one that any¬ 
body could see, and it is not astonishing that within a few days 
it was stop press news all over the world; it was the subject of 
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innumerable music-hall jokes^ and within a few weeks almost 
every physicist of repute was repeating the experiment for him¬ 
self and demonstrating it to admiring audiences. 

The electron 

Great, however, as was the immediate value of X-rays, 
particularly to medicine, their ultimate importance was much 
greater to the whole of physics and natural knowledge, for the 
discovery of X-rays was to provide the key, not only to one, 
but to many branches of physics. In the first place, it enabled 
J. J. Thomson to complete his understanding of the generators 
of X-rays—the cathode rays or electrons—for he found that not 
only did electrons striking matter generate X-rays, but that 
X-rays striking any kind of matter generated electrons. They 
could produce ions or charged particles in gases, and that 
explained to a large extent the mysterious properties of electrical 
discharges, including the largest electrical discharge of all—the 
lightning flash. The discovery that electrons, all apparently 
identical, could be extracted from the most diverse kinds of 
matter pointed to electrons as the stuff of electricity. But this 
stuff was made of individual particles—^it was atomic—and it 
was the consideration of this fact that led J. J. Thomson to 
take the first decisive step towards the discovery of the inner 
structure of the atom. 

The revival of atomism 

It is in its insistence on atoms as concrete entities that 
twentieth-century physics differs from that of the nineteenth 
century. The nineteenth century opened with the atomic 
theory of Dalton in chemistry. It went on to further triumphs 
of atomism in the structural formulae of organic chemistry, but, 
as indicated in Part V (p. 423), the stream of thought in the 
late nineteenth century, largely under the influence of Mach 
and Ostwald, was anti-atomistic and was for explaining away 
the properties attributed to atoms in terms of more general 
substances and ratios. Newton himself was an atomist, but 
his mechanics lent itself, when generalized by Lagrange and 
Hamilton, to a picture of space in which properties varied only 
slightly from place to place. This field type of theory acquired 
an immense prestige from the intuition of Faraday and its 
transformation by Maxwell in the electromagnetic theory of 
light, essentially a theory of fields of force. As we shall see, it 
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was to be generalized still further by Einstein in his theories of 
relativity. 

Continuity was supreme in field physics^ which could not 
easily include the discontinuity of atoms and the even greater 
discontinuity that was to come with the quantum theory. As 
in the very beginning of conscious thought about physical 
phenomena^ the idea of atoms had seemed to be a revolutionary 
one and had always been associated with general atheistic and 
revolutionary thought. Fields^ like perfect geometrical forms^ 
are conservative and continuous. This seemed a much safer 
kind of physics, but the attempt to re-establish it was a rearguard 
action that could not hold against the flood of new knowledge 
interpretablc only in atomic terms. 

Becquerel and radioactivity 

By 1897 atoms had definitely arrived, paradoxically enough 
by being no longer atoms (uncuttables, p. 127) but by exhibiting 
a quite disconcerting possibility of being broken up. And not 
only in the simple way that J. J. Thomson had shown. Simul¬ 
taneously another discovery of even greater importance had 
been made. Within four months of the discovery of X-rays, 
Becquerel (1852-1909) in France, thinking that X-rays must 
have something to do with the luminosity that appeared in the 
discharge tubes, tried to find whether other bodies exhibiting a 
similar luminosity, such as minerals and salts, particularly 
those of uranium, would show similar properties, and astonish¬ 
ingly enough they did. Here was something like a real acci¬ 
dent in the history of science (p. 437). It was a hint of Henri 
Poincare (1854-1912) that had caused Becquerel to ascertain 
whether there was any connection between X-rays and phos¬ 
phorescence. His father had made a magnificent collection of 
phosphorescent substances, Becquerel might just as easily 
have picked on zinc sulphide as on uranium nitrate, and the 
discovery of the phenomena of radioactivity and all it meant 
for atomic physics might have been delayed for another fifty 
years. Who knows how many equally simple phenomena 
capable of revolutionizing our science now lie hidden around 
us? 

The new mysterious rays from uranium were also capable of 
penetrating matter, and they were produced without any 
apparatus whatever, spontaneously, from apparently inert and 
permanent chemicals. 
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The Curies and radium: transmutation of atoms 

This was an even greater shock to the physical and chemical 
faith of the nineteenth century. The work of the greatest of 
chemists^ of Lavoisier himself, had established the law of the 
immutability of elements. It had been established as a direct 
refutation of the claims of the old alchemists to change elements 
or to create matter; and here apparently was matter actually 
changing of its own accord without the slightest stimulus to 
set it off. This was equally a shock to the doctrine of the con¬ 
servation of energy. Where did the energy which was so 
apparent in these new radioactive compounds come from? It 
could only come from within the atom itself. Now an almost 
infinitesimal amount of radioactive material gave off appre¬ 
ciable amounts of energy. This implied that energy was con¬ 
tained in the atom in quantities quite undreamt of by the users 
of the energies of burning fuel w^hich was the basis of the 
industry of the nineteenth century. 

Once radioactivity was discovered scientific progress was fast— 
faster, indeed, than in any earlier period in the history of science. 
Within the short space of six years the essential features of 
spontaneous atomic change had been laid bare. Pierre Curie 
(1859-1906) and his Polish wife Marie (1867-1934), the first 
great woman scientist, itself a portent, had found sources very 
much stronger than the original uranium. They isolated 
elements of a new kind such as polonium and radium^ the latter 
so powerful that it shone by itself in the dark and could inflict 
serious and ultimately fatal injuries on people who went near it. 

Rutherford and Soddy : radioactive transformations 

Rutherford had studied the nature of the radiations them¬ 
selves, and had shown that one type, the alpha rays, were 
something again quite new in science. They consisted of 
material particles projected at inconceivable speeds. He 
showed that the radium atom was giving off atoms, those 01 
helium gas, itself a rare and romantic clement first revealed in 
the sun through the character of the light it emitted, and leav¬ 
ing another atom—that of radium emanation—behind. This 
was alchemy, but natural alchemy; for nothing that anyone 
could do up to that time could alter the rate of break-up of 
atoms and their change into other atoms according to set rules 
of radioactive decay. The pious accepted this as just another 
inscrutable mystery of Nature and maintained that it would 
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never be possible to interfere with it. With a magnificent 
combination of physical and chemical techniques Rutherford, 
now at Montreal and working with the brilliant chemist Soddy, 
followed up these changes, and in the years between 1899 
1907 revealed whole families of natural transformations, one 
from uranium, one from thorium, and one from actinium. 
Each radioactive element gave out an alpha ray or beta and 
gamma rays and changed into another, all ending appropriately 
in the inert element lead. In the study of this process it became 
apparent that elements were not simple and homogeneous, that 
each element could contain a number of atoms alike chemically 
but breaking up physically in different ways. These were the 
isotopes from which so much was to come in later years. 

Planck and the quantum theory 

At first this welter of phenomena was so much outside existing 
theory that they had simply to be put down as brute facts, but 
already from another part of physics had come a clue which 
was to help to unravel them. The first discovery of the electron 
had raised difficulties in the theory of radiation of light. If 
light is produced by rotating or vibrating electrons it ought to 
change colour continuously as the electrons lose energy from 
their radiation; but the plain evidence of the constant wave¬ 
length in optical spectra showed that it did not do so. Another 
contradiction appeared in the theory of heat. According to 
the classical electromagnetic theory all the energy of a hot 
body should be concentrated in the short wave-length. It 
ought to look blue, but it does look red. Such discrepancies 
could not permanently be ignored; but the successful efforts 
to explain them by Max Planck (1858-1947) in 1900 only got 
rid of an experimental difficulty to produce a theoretical one. 
Planck suggested in fact that the energy of atoms could not 
be given off continuously at all, but came off in pieces; in 
other words, that energy, like matter, was atomic, but that the 
atomicity was not in energy itself but in the curious quantity 
action (or energy multiplied by time). There was accordingly 
a constant quantum or sufficient amount of action, Planck’s 
constant {h = 6-6 X io‘^’ erg seconds), that controlled the 
quantity of all energy exchanges of atomic systems. 

Einstein and the photon 

Albert Einstein was the first to draw from this its practical 
application in the new fields of physics. He explained why it 
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was that the electrons shot off a metal by a beam of coloured 
light came off at the same speed whether the light was feeble or 
intense. They could only collect the quantum of energy that 
the light possessed; more light meant more quanta and not 
bigger quanta. The speed, however, depended directly on 
the colour, that is on the frequency of the light. Einstein’s 
picture of the electrons produced by light striking a metal was 
that of one kind of particle, a photon or atom of light of frequency 
Vy transferring its energy to another kind of particle, an electron 
of velocity V or energy E, according to the equation E == ^ mv^ 
= hv. He had, in fact, reversed the wave picture of light and 
gone back to the old idea of Newton, that light was made of 
particles. 

The atomic nucleus 

The full application of the quantum theory to the structure 
of the atom had, however, to wait for two other crucial dis¬ 
coveries. In 1910 two of Rutherford’s workers, Geiger and 
Marsden, had shown that those natural projectiles, the alpha 
particles, instead of going straight through thin sheets of matter, 
were occasionally shot straight back. Rutherford drew from 
this surprising result (he compared it to a fifteen-inch shell 
being turned back by a sheet of paper) the simple conclusion 
that they must have hit something very small and very hard. 
He had, in fact, seen that atoms had a nucleus. This was the 
other partner of the electron, and because the electrons were 
negatively charged, the nucleus must have a positive charge 
exactly equal to the total charge of the electrons around it. 
How were these electrons arranged? The problem had many 
curious analogies with that of the arrangement of the planets 
in the solar system which had perplexed the scientists of the 
Renaissance, and it pointed to a similar solution, one indeed 
which had been adumbrated by Perrin in 1901, but that could 
not be proved without facts coming from another quarter: those 
of the discovery of the wave nature of X-rays. 

Von Laue and the Braggs: X-rays and crystals 

In 1912, von Laue made the discovery that X-rays could be 
diffracted by crystals, much as ordinary light was by any fine 
striated structure, as by a feather, fine cloth, or a gramophone 
record, where the striations have dimensions approximating 
to those of the wave-lengths of light (p. 328). X-rays were 
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found to be diffracted by objects of the same order of the size 
as atoms themselves, and therefore had correspondingly shorter 
wave-lengths than light. This discovery of von Laue was as 
important in its effects as the original discovery of X-rays 
themselves. In the first place it was taken up by Sir William 
and Sir Lawrence Bragg, father and son, who showed that it 
was possible to measure the wave-length of X-rays and at the 
same time to determine the structure of crystals in terms of the 
arrangements of the atoms which composed them. 

The Rutherford-Bohr atom 

Soon afterwards, in 1913, in Rutherford’s laboratory in 
Manchester, Moseley (1887-1915), a most brilliant young 
physicist killed at Gallipoli, measured the wave-length of X- 
rays from a number of different elements, and showed that they 
followed a very simple law depending exactly on the atomic 
number or the number of electrons in each kind of atom. Now 
Rutherford’s laboratory, owing to the character of the man 
himself, had already attracted some of the most brilliant minds 
that had ever worked together in physics, and among them was 
a young Dane, Niels Bohr, who was able to combine together 
the four separate strands: the hard nucleus of the scattering 
experiment, the simple laws discovered long before by Balmer 
(1825-98) relating to the frequencies in the hydrogen spectrum, 
the regularity of the w^ave-lcngths of the X-rays from different 
elements, and Planck’s theory of quanta, which would serve to 
link them together. Like a new Kepler, he showed that the 
atom could be pictured as a solar system in which each electron 
had its own particular orbit, and that light or X-rays were 
produced only when an electron moved from one orbit of 
high energy to another of lower energy. 

The Rutherford-Bohr atom, the atom of the twentieth cen¬ 
tury, was now well established in the sense that, as with New¬ 
tonian astronomy, it could be used to predict the properties of 
atoms simply from the knowledge of the number of electrons 
they contained. It explained the reason why only light of 
certain frequencies was emitted or absorbed by atoms. Com¬ 
plex spectra could be interpreted and the energy levels of the 
electrons in the different atoms could be found. The very 
concept of an energy level is a quantum one. It implied that 
every atomic or molecular structure could exist in a great 
number of states with different vibration characters like the 
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overtones of a musical instrument and that the differences of 
energy between the states could be found by measuring the 
frequencies of the light emitted or absorbed. 

The new atom in chemistry 

But the idea of the Rutherford-Bohr atom could do far more 
than this. It could be immediately used to interpret the hither¬ 
to mysterious and arbitrary laws of chemistry. In the first 
place it explained why the different atoms had the properties 
they had; Vv'hy some formed metals and others did not^ and 
why others again were inert gases. Arrangements with cer¬ 
tain numbers— 2 y 8^ i8, 32—of electrons seemed particularly 
stable. If there were more than the set allowed the additional 
electron or electrons were held much more loosely. In mater¬ 
ials composed of such atoms, light set the electrons vibrating 
easily and was strongly reflected—the characteristic property 
of a rneial. If there were fewer electrons than were needed to 
make up a set, the electrons of different atoms combined so as 
to share their electrons to the best effect; the result was a non- 
metallic neutral molecule like those of gases or organic mole¬ 
cules, If non-metallic and metallic atoms were put together, the 
metal atom gave up its superfluous electron to the non-metal 
atom, becoming a positively charged iony and the non-metal 
ioHy now charged negatively, combined with it through simple 
electrical attraction to form a salt. In this way the whole picture 
of the table of the elements, arranged in families and sequences, 
arrived at logically fifty years before by the great Russian 
chemist Mendeleev, received a physical and quantitative ex¬ 
planation. There were 92 natural elements, from hydrogen to 
uranium, because there were elements which had i, 2, 3, 4, up 
to 92 positive charges in their nuclei, and each had its own 
atomic number. 

The structure of crystals 

The discoveries of von Lauc and the Braggs were, however, 
to have other and more extensive consequences. By analysing 
the relative arrangements of atoms in crystals the Braggs were 
able to found a new structural crystallography, which in turn 
was to transform the ideas of the chemists as to the nature of 
crystals and molecules. It was as if a new microscope had been 
found which enabled the positions of the chemical atoms to be 
seen. It could show, on the one hand, that molecules did not 
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exist at all in simple salts like sodium chloride, which were 
regular assemblies of positive ions of sodium and negative ions 
of chlorine; on the other hand molecules did exist in such 
substances as naphthalene, where a group of atoms held closely 
together were separated by large spaces from other groups— 
the chemical molecules of the nineteenth century. Actually, 
X-ray analysis was first to confirm and later to refine the struc¬ 
ture of molecules, which the chemists had arrived at through a 
most ingenious mathematical logic based on their transforma¬ 
tions into other molecules. Where these chemical methods 
could not be applied, as in the fields of metals and of silicates. 
X-rays were immediately able to unravel the atomic pattern, 
and at the same time to account for the special and useful 
properties of such substances. 

10 . 2 -THEORETICAL PHYSICS 
The First World War: relativity 

The progress of physics, after the group of discoveries just 
referred to, was halted by the First World War, which brought 
to an abrupt end the first heroic period of modern physics. 
The war drew some scientists, but by no means the majority, 
into war service; but even where it did not, it effectively held 
up, except in neutral countries, the purely scientific research 
of the non-mobilized experimental scientists. The theoretical 
scientists for the most part, however, went on working, and it 
is in that period that one of the greatest advances in the history 
of human thought took place—the completion by Einstein in 
1915 of the general theory of relativity. Now relativity belongs 
in essence much more to the science of the nineteenth than to 
that of the twentieth century. The keynote of twentieth- 
century science was discontinuity and atomism; relativity, on 
the other hand, is still a continuum and field theory; but the 
fields of relativity are far more generalized than the electro¬ 
magnetic fields of Maxwell. They are the new fields of space- 
time. The special theory of relativity which Einstein put for¬ 
ward in 1905 had shown that, as only relative motion could be 
observed, space and time were to a certain extent interchange¬ 
able, depending on the movement of an observer. Ten years 
later Einstein was able to bring the hitherto arbitrary and 
occult force of gravitation into the generalized picture of space- 
time, but to do this he had to break away not only from the 
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mechanics of Newton, but from the still more firmly based 
geometry of Euclid. 

Equivalence of mass and energy 

Relativity, for all its popular vogue, is still a theory very 
difficult to grasp. Its importance in science, however, depends 
on two closely linked relationships: the equivalence of mass 
and energy, and the special limiting character of the velocity 
of light. The first of these, expressed in the formula E == 
where E stands for energy, m for mass, and c for the velocity of 
light, was to provide the theoretical expression of the enormous 
energies locked in the atom. These were afterwards shown to 
be the sources of all the concentrated energy in the universe— 
the energy of the sun and the stars, those first nuclear-energy 
piles. The sun warms us, in fact, by getting lighter, burning 
up its hydrogen into helium, a form of fire which the successors 
of Prometheus, undeterred by his fate, are bringing down 
from heaven in the form of the hydrogen bomb. The limiting 
character of the velocity of light is an equally significant fact. 
By showing that all velocities are relative Einstein was also able 
to explain that, in spite of continuous acceleration, no particle 
could travel faster than the critical velocity of light, for as it 
approached that velocity its energy and its mass increased 
simultaneously so that it became harder and harder to make it 
go faster. 

The scientific content of EinsteirCs theory 

Einstein’s theories, for all their abstractness and the fact that 
they arose from profound cogitation on the meaning of previous 
scientific theory, were nevertheless derived ultimately from 
experiments and gave rise to practical applications. The 
starting point of Einstein’s thought was the difficulties inherent 
in a branch of nineteenth-century physics: the attempt to 
generalize the electromagnetic theory of light by showing that 
the apparent velocity of light was dependent on the rate at 
which the observer travelled through the supposedly fixed 
ether. This was the celebrated Michelson-Morley experiment, 
the greatest negative experiment in the history of science. For 
no difference whatever was found in the velocity of light at 
whatever speed or in whatever direction the observer was 
moving. A few years later J. J. Thomson showed that electrons 
in high electric fields would not move at the velocity they should 
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according to classical Newtonian physics. They seemed to be 
more sluggish and difficult to accelerate as they moved faster. 
Both these effects were explained by Einstein's special theories 
of relativity. 

Einstein’s general theory of relativity went much further. It 
attempted to include gravitation in the domain of the measure¬ 
ment of space and time. Its particular importance is that it 
avoided any appeal to what used to be called occult forces like 
weight or, in more learned terms, gravity, acting at a distance. 
In their place it postulated that when a body was free, that is 
not in physical contact with other bodies, it was quite unacted 
on by forces, and then its mode of motion simply expressed the 
quality of space-time at the places it passed through. Accord¬ 
ing to this theory our Euclidean geometry applies only to empty 
spaces—near heavy bodies space is curved. This view marks a 
return to the original Pythagorean idea of the naturalness of 
circular motions in the heavens, but it is a return on a higher 
plane, no longer a semi-mystical intuition but a mathematical 
account capable of the most refined measurement. 

If Einstein had done no more than to find an alternative 
and neater expression for gravitation than Newton he would 
have been the Copernicus of the new era; but he did more, 
he showed that the new method gave results in better agreement 
with experiment. He was able to explain the apparent shift 
of the position of stars near the sun by the bending of their rays 
by curved space and to explain the irregularities in the motion 
of the planet Mercury. At last Newton’s theory of the solar 
system had definitely been improved on. 

Stellar astronomy and giant telescopes 

By then, however, this had long lost the importance that it 
had first assumed in the days when the orbs of seven planets were 
assumed to be the steps of heaven. Astronomy had indeed 
by the twentieth century almost lost both its classical and 
medieval importance in expressing the divine plan of the world 
and calculating horoscopes, and its Renaissance importance as 
a means of navigation. Something of its prestige, however, 
remained, and this enabled even otherworldly astronomers to 
wheedle enough money out of hardened business men for the 
construction of entirely useless telescopes. A giant telescope 
indeed was the most noble example of the ‘‘ conspicuous waste ” 
of Veblen’s analysis of capitalism.®-^^® It showed disinterested- 
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ness even more effectively than did shifting European castles 
over the Atlantic, and retained at the same time the healthy 
element of competition. Telescopes increased their bore and 
range by a rivalry as evident as that of the guns of battleships. 
Whatever their origin, however, the multiplication of observa¬ 
tories with the new tools of photography and the spectroscope 
brought astronomy far beyond the solar system to the stars and 
nebulae, which, including our own galaxy, were now recognized 
as island universes as Kant had first proposed in 1755. 

Astrophysics 

The study of the interior of the heavenly bodies as revealed 
by their light had begun with the discoveries of spectroscopy in 
the nineteenth century. By the twentieth astrophysics was 
becoming a recognized branch of science, one in which the 
work of the laboratory and that of the observatory were com¬ 
pletely blended. From the outset it had a character different 
from terrestrial physics in that it revealed structures not only 
in space but also in time. H. N. Russell’s classification of the 
spectral types of the stars in 1913 pointed unmistakably to an 
evolutionary sequence. Cosmology seemed to imply cosmo¬ 
gony ; the way things were now could not but raise the ques¬ 
tion of how they had come into being. In this way astronomy 
again began to acquire something of its old importance. If it 
did not reveal the plan of the rational universe laid down once 
and for all by a beneficent deity, as the Ancients and even 
Newton believed, it was showing instead an unfolding drama 
of creation, one which seemed to have some lesson for men. 
The great development of the. knowledge of the history of the 
universe was, however, to come as a consequence of the further 
development of nuclear physics. Einstein had taken only the 
first step, though it was to be a decisive one. He had shown 
that the principles of mechanics could be put in question. The 
quantum theory, in its old and even more in its new form, still 
further shattered the foundations of Newtonian physics. This 
revolution was to be as important and as pregnant with further 
possibilities as had been the overthrow of Aristotle in the 
Renaissance. 

Einstein and the mystification of science 

It is, however, equally true that the effect of Einstein’s work, 
outside the narrow specialist fields where it can be applied, was 
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one of general mystification. It was eagerly seized on by the 
disillusioned intellectuals after the First World War to help 
them in refusing to face realities. They only needed to use 
the word “ relativity ’’ and say “ Everything is relative/* or, 
“ It depends on what you mean.*’ Relativity formed the basis 
of the work of many popularizations of the mysteries of science, 
including the best-sellers of the physicists, Eddington and Jeans. 
Eddington (1882-1944) indeed was so carried away by his real 
contribution towards the explanation of difficult points of 
relativity theory that he conceived the idea that it was possible 
to discover everything in science by the exercise of pure thought 
and logic alone. It was only to be regretted that men were 
apparently so stupid that they had to see things first before 
they could understand them. Jeans (1877-1946) rediscovered 
the old Platonic and Pythagorean idea that everything is 
mathematics, and that God, Who made this mathematical 
universe, must have been Himself a great Mathematician. 

The physical theories of the twentieth century are no freer 
than those of earlier centuries from influences derived from 
idealistic trends from outside science. For all their symbolic 
and mathematical formulations they still embody much of the 
flight from reality that derives ultimately from religion, now 
more and more clearly concerned to provide a smoke screen 
for the operations of capitalism. The influence of the positiv¬ 
ism of Ernst Mach on the theoretical formulation of modern 
physical theories was a predominating one (p. 755). Most 
physicists have so absorbed this positivism in their education 
that they think of it as an intrinsic part of science, instead of 
being an ingenious way of explaining away an objective world 
in terms of subjective ideas. This was brilliantly exposed 
almost at the beginning of the period by Lenin in his Material¬ 
ism and Empirio-Criticism ; but the mystifications of theoreti¬ 
cal physics have still continued, and it will take many more 
years of argument and experience, including political experi¬ 
ence, before the logical basis of physics is cleared of ideas that 
have nothing to do with the material world. 

Experiment the basis of theory 

The factual history of the development of modern physics 
shows clearly enough that the advances were, in practically 
every case, with the significant exception of the prediction of 
the meson by Yukawa, due to discoveries made in the course 

528 



THE TWENTIETH CENTURY 

of experiments, and that these experiments led to things that 
had not been conceived of by theory, while the theory was later 
evoked to explain the experiments. Now the nature of 
theoretical explanation is a little more than a language; a 
physical theory is fully expressed by the equations connecting 
a set of symbols. The value of the explanation does not, 
however, lie in the beauty or the simplicity of formulae, but in 
the number of experimental facts that can be explained by them. 
That is why the great generalizations of the twentieth century are 
of such importance. Relativity and the quantum theory cover 
a far wider field of experience than did the classical theoretical 
syntheses of the nineteenth century. They have pointed to new 
experiments which have often proved fiuitful. They have, how¬ 
ever, failed consistently to explain adequately anything that was 
not put into them from experiment in the first place. 

The new quantum theory 

The next stage in the history of twentieth-century physics 
illustrates this most clearly. Bohr’s original quantum theory of 
the atom should, in principle, have explained the structure of 
all the atoms and molecules. In practice, however, it was 
found that there was a very awkward difficulty. The quantum 
numbers attributed to the energy levels in single atoms re¬ 
mained, as the theory demanded, whole numbers, but in the 
next simplest model, that of a diatomic molecule, the quantum 
levels of energy starting from the bottom, instead of going 
o, I, 2, 3, very awkwardly went |, i|, 2 \, This and other 
anomalies showed by 1924 that there was something very 
seriously wrong with the form of the quantum theory. It 
was developing into a kind of formal algebra, almost a cabbala, 
as it was called in those days, where it was possible to find a 
set of numbers to explain most things, but not to find any 
justification, other than convenience, for choosing those 
numbers. Neither the electron nor the theory of its motion 
could be as simple as Bohr had originally thought. The first 
device used to account for this difficulty was to postulate, as 
Goudsmit and Uhlenbeck did in 1924, that the electron was 
a little magnet as well as a charge—that it had a “ spin.” 
Major difficulties, however, still remained. 

Physical equivalence of waves and particles: wave mechanics 
The effort to overcome them led in 1925 to a general revision 
of the quantum theory of a very profound character. That this 
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was overdue is shown by the fact that it was carried out almost 
simultaneously by four very different physicists; de Broglie in 
France, Sebroedinger and Heisenberg in Germany, and Dirac 
in England. Their solutions were formally quite unlike each 
other, though mathematically equivalent. Louis de Broglie in 
I gas had followed the track of the history of physics back to the 
controversy of the seventeenth century between Newton and 
Huygens 327). That controversy had already brought 

out the striking analogy that, whatever the medium, both 
particles and waves followed out minimal paths. A wave 
moved so as to make the time a minimum (Fermat’s principle), 
a particle to make the action a minimum (Maupertuis’ 
principle). Might not these two principles be reduced to one, 
thought de Broglie, if particles and waves were essentially 
identical? Electrons might after all be waves, just as light¬ 
waves might be particles. There appeared indeed to be a 
general correspondence between particles and waves; every 
particle could be deemed to be accompanied by a wave and 
every wave to consist of particles lined up on wave fronts. 

Schroedinger in 1925 used this idea to explain Bohr’s 
stationary electronic states in the atom as analogous to the 
different characteristic modes of vibration of the electrons in 
the atom, moving not in progressive but in standing waves. 
This is formally similar to the different characteristic vibrations 
of a musical instrument with harmonic relations between them. 
The de Broglie-Schrocdinger wave mechanics had the advantage 
of being able to explain the anomalies in the old quantum 
theory in a way that could be physically grasped as well as 
mathematically stated. But this was not strictly necessary; 
Heisenberg and Dirac in different ways scorned even this 
degree of physical representation. Heisenberg by the use of 
matrices, or chessboards covered with numbers, and Dirac by 
an algebra in which a X b differs from 6 X ^ by 47r/iy'— i 
provided equally good formal solutions to the problems of 
quantum physics.®**^^ 

There have been profound arguments ever since they were 
propounded as to the physical meaning of these theories. 
Their elegance and their success in explaining facts were for a 
long time considered to be a complete justification of their 
truth. However, as time went on it appeared that the new 
quantum theories, as they were called, were likely to get into 
as great, though quite different difficulties, as the old quantum 
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theory. They were able to account for the phenomena that 
gave rise to them^ but as the study of the nucleus and of high- 
velocity particles progressed new phenomena appeared which 
were increasingly difficult to account for. A variety of devices 
and ad hoc variations of the quantum theory were resorted to 
without much success. Nor were the new quantum theories 
of a sufficiently self-consistent character to be even mathe¬ 
matically acceptable. They still represented an uncom¬ 
fortable hybrid between the particle physics of Newton, 
suitably adjusted or broken up by quantum postulates, and an 
entirely new kind of mathematics, largely determined by 
statistical considerations. The philosophic difficulties they 
raised were even more serious. 

The principle of indeterminacy 

Just as in the case of relativity, the new quantum mechanics 
was in its turn found to be a very convenient basis for mysti¬ 
fication. Heisenberg’s indeterminacy principle was particularly 
valuable to the reactionary and theologically minded. This 
states that it is impossible simultaneously to determine with 
more than a certain degree of accuracy the velocity and 
position of any particle. Now this as a physical statement is 
a translation of an equation which is very useful in determin¬ 
ing certain observable quantities. The principle of inde¬ 
terminacy is founded on the success and failure of certain 
hypothetical experiments. The most famous of these is the 
gamma-ray microscope, in which the very act of observing a 
particle drives it from the position it would have occupied 
unobserved. Useful as illustrations, such experiments, which 
could never actually be performed, have allowed concepts such 
as the essential role of the observer, which form no real part of 
the quantum theory, to be imported into it. As Einstein and 
de Broglie have pointed out,®-^"^ the attempt to make phenomena 
subjective in this way leads to paradoxes as formidable as those 
the indeterminacy principle was constructed to avoid. 

This principle has, moreover, been given an altogether 
different meaning by popular scientific writers and even more 
so by philosophers. Because of this assumed indeterminacy 
it was claimed that the electron was in a certain sense a free 
agent. It might or might not at any time do this or that. 
And if the electron is a free agent why should man not be? 
Why should not the whole edifice of scientific determinism 
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crash to the ground^ to be replaced by a chaos of indeterminacy ? 
Oddly enough^ many of the adherents of the new indeterminism 
were not in fact indeterminists at all. What they wanted was 
to find a possibility for the interference of God in the affairs 
of the universe in detail, by slipping the electrons in and out 
of the places they could occupy in a quite arbitrary manner. 
The best comment on this was Einstein’s, who said, “ I could 
not respect a God Who spent His whole time in games of 
chance.” 

Actually the construction put on the quantum theory is 
altogether arbitrary and uncalled for, depending as it does on 
a particular analysis of the meaning of physical quantity. 
Even if it were true on the atomic level it would not justify all 
its extension to the fields of the far more complicated biological 
and social systems. As we shall see later in this book, the 
character of physical theory itself had already by the middle 
of the century come to be as complicated and unsatisfactory 
as previous physical theories had been before they were 
transformed by the new outlook. It is important to have in 
mind the cardinal difference between the theories used to 
explain and co-ordinate sets of experiments after they have been 
made, and the ideas which were consciously or unconsciously 
in the minds of the experimenters who made the new discoveries 
and opened the new fields to scientific thought. 

NUCLEAR PHYSICS 

Rutherford and the material approach to physics 

The great figure of twentieth-century physics, and indeed 
probably of twentieth-century science, was Rutherford. His 
work throughout was marked by a simple ruggedness of ideas 
and an intensely material and mechanical approach to the 
explanation of physical phenomena. In this respect he 
resembled Faraday much more than Newton. Rutherford 
thought first of the atoms, then of the sub-atomic particles he 
had discovered, exactly as ordinary material particles: as 
projectiles, tennis, or billiard balls. He treated them as such 
and found out things about them from how they moved or 
bounced. Sometimes the particles did not behave as he 
expected. He accepted the new discovery as a fact and 
assimilated it by making a new imaginative picture of the 
structure with which he was dealing. Thus, step by step, he 
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proceeded from the study of unstable atoms of radioactivity to 
the discovery of the atomic nucleus and the general theory of 
the atom. 

Artificial transmutation 

In his later years he went on to the study of the interiors of 
atomic nuclei themselves, now merging his work with that of a 
group of brilliant assistants. In 1919 he made the crucial dis¬ 
covery that it was possible to break up a nucleus of nitrogen by a 
direct hit from an alpha particle. From now on it was clear 
that man could control the processes going on in the nucleus if 
he could find the suitable projectiles with which to attack it. 
There were two ways of doing this. One was to find among the 
nuclei themselves those that would naturally emit suitable pro¬ 
jectiles, and the other, and more direct way, was to take 
ordinary atoms and to speed them up by electrical devices. 

The generation of high velocity particles 

It was this latter method that was first adopted, though 
paradoxically enough most of the important results were to 
come from the older methods of radioactively generated 
particles, Rutherford himself worked with apparatus of a 
simplicity and cheapness that could hardly have been matched 
in the nineteenth century and indeed more resembled that of 
Gilbert in the sixteenth century. This was the famous “ sealing- 
wax-and-string ” school of the Cavendish Laboratory. The 
simplicity was somewhat fictitious, because in fact the results 
could not have been obtained without making use of the 
knowledge laboriously gathered with much more elaborate 
apparatus in the nineteenth century. Nevertheless, it was in 
startling contrast to the new requirements for particle accelerat¬ 
ing or, as they were popularly called, atom-smashing machines. 
To get particles up to the high speeds necessary for this required 
apparatus of a kind different from that which had been found 
in physical laboratories hitherto, and the construction of tliese 
machines meant a new chapter in the history of the relations 
of physics with industrial developments. Cockroft and Walton, 
with the assistance of the electrical industry, built a high-tension 
tube through which hydrogen atoms could be accelerated 
with about one or two million volts, and with it showed that 
such particles could break up the nuclei of a number of light 
atoms. 
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Physics linked with electrical engineering 

The construction of such tubes was possible because of the 
developments that had been going on in the electrical industry 
in the earlier years of the century. The need for a study of 
high-tension lines had come with the increased range of 
transmission of electric power. At the same time develop¬ 
ments in communications engineering, especially the fantas¬ 
tically rapid growth of radio, had led to a mastery of large-scale 
vacuum technique. The need to construct physical apparatus 
on an engineering scale meant that from the mid-’twenties 
physical research and particularly atomic research would 
become even more closely linked to the electrical engineering 
industry. The expense and the requisite rechnical experience 
alone would make it impossible for it to be run any longer as 
a mere annexe to university teaching. From the two-million- 
volt accelerator of Cockroft and Walton have come the host 
of gigantic modern particle-accelerating machines. The new 
principle, introduced by Lawrence in the cyclotron, of build¬ 
ing up the velocity of the particle not in one burst but in 
successive impulses, opened the way to ever more powerful 
betatrons, synchrotrons, linear accelerators, to bevatrons giving 
the equivalent of billions of volts, with no limit in sight except 
for the cost, which by 1953 was £2 million, almost as much as 
a destroyer, and is threatening to reach that of an aircraft- 
carrier. 

Fully to appreciate these developments, which come later 
in the story, it would be necessary to look back at the growth 
of another branch of physics, the production and control of 
free electrons, which are discussed on pp. 542 f., but to avoid 
breaking the continuity it is better to continue directly. 

Neutrons^ positrons, and mesons 

The nineteen-thirties were to witness a new burst of physical 
discovery as great if not greater than the two previous bursts 
in 1895 1912. Radioactivity, or the study of the atomic 

nucleus, which had shown little advance in the previous ten 
years, again became the centre of interest, and gave rise to 
an unbroken series of experimental discoveries that were to 
culminate in the control of nuclear processes. The first major 
discovery was to be that of the neutron^ produced by bombard¬ 
ing beryllium with alpha particles. Actually, when the 
neutron was first produced it was not recognized as such, and 
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was imagined to be a gamma ray, just because the concept of 
a particle that was not charged^ which seems simple enough to 
us today, had, despite Rutherford’s prediction of its nature, 
by then become almost a contradiction in terms. 

Once recognized and established, by Chadwick’s experi¬ 
ments of 1932^ as the proton without its positive charge, the 
neutron was seen to be the central feature of nuclear structure. 
Very soon afterwards Anderson discovered another funda¬ 
mental particle, the positive electron. This supplied a needed 
symmetry between positive and negative in the relations of 
particles and fitted, far better than did the proton, with its 
nearly two thousand times greater weight, Dirac’s theory that 
the positive charges in the universe are as it were the missing 
pieces of a universal negative charge. The relation of neutron 
and proton turned out to be by no means a simple one. The 
nucleus, which had previously been thought to consist of pro¬ 
tons and electrons, was now seen to be better expressed in 
terms of protons and neutrons, held together by strong forces 
which Yukawa in 1935 attributed to a hypothetical inter¬ 
mediate particle, the meson. This is an example of a funda¬ 
mental particle first predicted by theory and then observed by 
Anderson and Ncddermeycr in 1936. 

Of these particles, the neutron was to prove the most effec¬ 
tive in producing nuclear transformation. Because it lacked 
charge it was able to penetrate very much farther into matter, 
and to approach and enter the positively charged nuclei of 
atoms that repelled positively charged alpha particles and 
protons. In six brief years, from 1932 to 1938, the effects of 
neutrons on different nuclei were studied. These were years 
in which science in general and physics in particular were 
increasingly to feel the impact of the events leading up to the 
Second World War. The advent to power of Hitler had 
driven out of Germany and later out of Austria the majority 
of creative minds in physics. Their work was to fertilize and 
hasten the development of physics in Britain, France, and the 
United States while the tightening grip of reaction, obscurant¬ 
ism, and corruption slowed down that at home. 

Artificial radioactivity: nuclear reactors 

The first crucial discovery was that of Joliot—that nearly 
all atoms bombarded with neutrons became themselves 
radioactive. The logical consequence of this discovery was 
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immense. It meant that natural radioactivity represented only 
a residuum of the activity of atoms that had not had time to 
achieve stable states. Already radium had been used to 
measure the age of the rocks of the earth, and it pointed to the 
date of origin of the crust as about 2,000 million years ago. 
But the other elements had been considered more or less 
permanent. Now this was also put in question, and the 
knowledge of atomic transformations could be used to explain 
how the elements had arisen. 

The heat of the sun 

This concept was used by Gamov and Bcthe to reveal the 
source of the sun’s energy in the mechanism by which four 
atoms of hydrogen were combined to form one of helium. 
It was already evident that most of the energy in the universe 
was derived from nuclear processes. The interest now shifted 
to precisely how it was liberated. Working up from the light 
elements, a new nuclear chemistry was appearing, with similar 
sets of transformations and of stable states to those that had 
appeared in ordinary chemistry (p. 522). Fermi in 1936 went 
to the other end of the atomic scale, bombarded heavy elements 
with neutrons, and claimed that he had produced a number of 
elements heavier than any that were found in Nature. This 
he certainly achieved in most cases, but he had, without 
knowing it, also provoked other changes which were to prove 
far more important. 

Nuclear splitting, igjS 

Up to 1937 all the radioactive changes that had taken place 
had been of the nature of adding small particles to nuclei or 
removing them from nuclei. The largest fragment ejected 
was an alpha particle containing two protons and two neutrons. 
But in that year Hahn and Strassman discovered that some of 
the products produced by irradiating uranium with neutrons 
were of an altogether lower atomic mass, almost half that of 
the uranium atom. This time it was realized that the atom 
had been split and not merely chipped, and this knowledge 
was seen at once to have the most tremendous implications. 

Heavy nuclei are able to carry a far greater number of 
neutrons in proportion to protons than can light nuclei. 
When the uranium atom split it necessarily liberated several 
neutrons. Now once this was realized in 1938, largely through 
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tjie work of Joliot^ the possibility of large-scale transmutation 
became an actuality. Here there was a chain reaction or 
snowball effect. If any nuclear process could be persuaded 
to yield more than one effective neutron per neutron originally 
supplied, the reaction would proceed faster and faster. If 
uncontrolled it would be an explosion, if controlled it would 
be an energy-producing pile. 

Chain reactions: bomb and pile 

Had this discovery been made in the quieter times of the 
nineteenth century it would have been pursued ultimately for 
its practical uses, and possibly after fifty years or so it would 
have been embodied in new power production machinery. 
The lack of financial incentives and the vested interest in 
existing power sources might, however, have held up develop¬ 
ment indefinitely. As it was, the discovery of nuclear fission 
occurred on the eve of a new world war. It was fortunate 
for the British and American governments that among their 
physicists several, including particularly those who had been 
driven out by the Nazis and Fascists, were well aware of the 
military potentialities of the discovery that had been made. 
What is perhaps more surprising is that they were able to 
persuade the military and civil authorities that this was a 
project worth pursuing with the utmost energy, largely on the 
grounds that if they did not do so the enemy would certainly 
get the bomb first. Unfortunately for the German scientists, 
though luckily for the rest of the world, they did not think the 
same of the Allied scientists. It seemed to them inconceivable 
that any scientists other than Germans could ever produce the 
bomb, and they consequently proceeded in a much more 
leisurely way.®*^® 

The most rapid application of science 

How the atom bomb was developed, tried out, and used is 
now part of world history and not merely that of science. It has 
been described, apart from its precious “ secrets,” in hundreds 
of books and papers.^-^® ’* Here it is only necessary to 

say that the guiding physical ideas were derived almost directly 
from university laboratory experiments and calculations mostly 
carried out in Europe. The fact that it was successfully 
developed in the United States was due in part to that country’s 
immunity from actual hostilities, in part to its large available 
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engineering, particularly chemical engineering, resources. 
This meant effectively that the bomb, and with it all the 
equipment and know how ” for the release of atomic energy, 
were from the outset in the hands of the three or four great 
trusts of the American electrical and chemical engineering 
industries.®*^ This provided an additional reason for the 
jealous guarding of the secret and for effective reluctance to 
use atomic energy for power production after the war. 

The military and political consequences of the controlled 
release of atomic energy will be discussed later. Here it is 
sufficient to note that technically it represents another major 
leap forward in man’s control of natural forces of the same 
order as, and possibly of greater ultimate importance than, 
those of fire, agriculture, and steam. The use of atomic 
explosions for other than destructive purposes has yet to be 
seen, though we have hints of such use in the Soviet admissions 
of employing them to level mountains and to deepen valleys. 
As a way of producing power nuclear fission at present offers 
advantages only in places remote from sources of coal or 
water-power, but we may reasonably expect that with new 
developments, particularly the use of breeder piles which 
produce more nuclear material as they work, it will become 
cheaper as times goes on.®*®^ The opening of the first nuclear 
power station in the Soviet Union may well force the pace and 
help to direct fissile material from war to peace uses in other 
countries. The control of thermonuclear energy would offer 
unlimited possibilities for energy production (p. 589). 

Tracer elements 

It is, however, the by-products of atomic energy that are 
likely to be of more immediate use to science and humanity 
than its power. Among the fission products of uranium and 
other fissile atoms, including that of the really synthesized new 
element, plutonium, arc many radioactive isotopes or repre¬ 
sentatives of ordinary stable elements in an unstable form. 
To these may be added a very much larger number of unstable 
atoms which can be made from the pile by subjecting stable 
atoms to intense neutron bombardment. This means effectively 
that there are labelled atoms available to match a very large 
number of the hundred-odd elements that exist, or can be 
made. These atoms readily reveal themselves by their radio¬ 
activity, and thus very minute quantities of them may be used 
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to follow the kinds of combinations and dissociations that 
atoms go through in chemical operations^ including the 
chemical changes which occur inside living organisms. 

In any rational world this knowledge would not only be 
made freely available, but there would be a definite and 
organized drive to use these tracer atoms with the greatest 
speed to solve many problems very much more quickly than 
can be done by chemical methods^ and, in fact, to transform 
the whole of present-day chemistry into applied nuclear 
chemistry. Instead, a halting advance is being made by 
scientists scattered throughout the world. Until 1948, when 
British and French nuclear piles went into action, and even 
now to a large extent, scientists of other countries have to apply 
to the American authorities for permission to obtain the tracer 
elements, having to report back to them all their findings 
without any promise of return of information—the charac¬ 
teristic American form of one-way secrecy—“ you tell us but 
we don’t tell you.” 

Not unnaturally the pattern of research in physical science 
since the war has been dominated by nuclear physics, often an 
unhealthy and unbalanced development, particularly as a 
great deal of the work is secret. Even where it is allowed to 
be published, it is difficult to know whether it is merely an 
unimportant part of a much larger and secret story, without a 
knowledge of which the full conclusions from the published 
or unclassified part cannot be drawn. There can be no doubt, 
however, that the tools evolved in the generation of atomic 
energy, especially the pile, arc most powerful aids to a deeper 
understanding of the nucleus; particularly where they can be 
used without the cloak of secrecy, they are likely to provide a 
further series of significant discoveries as to the patterns of the 
fundamental particles in the nucleus and of the forces binding 
them together. 

Cosmic rays and mesons 

Another weapon of still greater power but so far without 
military application is furnished by the study of cosmic rays. 
These were discovered nearly fifty years ago by the just de¬ 
tectable effect they had in discharging well-insulated bodies. 
Step by step their origin in the outer universe and their highly 
penetrating nature were recognized. New techniques, based on 
an examination of the tracks of individual particles, in cloud 
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chambers by Blackett and in photographic plates by Sko- 
bcltzyn and Powell^ have revealed a variety of particles some 
of which are so energetic that they not only penetrate or split 
atomic nuclei but also cause them to explode into many 
fragments (Plate i). 

From these studies it appears that the electron^ the proton^ 
and the neutron are not the only elementary particles or 
nucleons but merely the stable or long-lived ones. There are 
as well a very large number of unstable intermediate elementary 
particles^ the mesons. First there was thought to be one meson, 
then two, then three or more (p. 535). Found originally only 
in cosmic rays, some can now be generated in the more powerful 
particle accelerators, but the most energetic still seem far 
beyond human ingenuity to produce. 

The existence of short-lived mesons points to the fact that our 
ordinary experience of the world is only a very limited one, 
limited by our own capacities for apprehension. Many things 
exist and may play an enormously important role in Nature, 
but are not revealed to us either because they arc too small or 
because they arc changing so rapidly. Everything we consider 
permanent merely corresponds to a long-maintained stage in 
a sequence of changes, and the elements of the Victorian 
scientists, like those of Heraclitus, are in a state of perpetual 
flux. The flux may not always be moving at the same rate. 
There is considerable evidence that the great majority of the 
elements we know today on the earth were built up by processes 
of the same kind, but much more powerful than those that go 
on in atomic piles. The mere fact that they exist, and their 
relative abundance or rarity, furnishes evidence for deducing 
the circumstances of the original formation of the solar system 
and the planets some 4,000 million years ago. 

The expanding universe 

The advances of nuclear physics came at a time when other 
lines of evidence pointed to an evolutionary universe. Step 
by step the size of our galaxy, then the distances of near and 
remote nebulae, began to be measured by astrophysical means, 
making use of the results of observations made with giant 
telescopes, of which the 100-inch one at Mount Wilson Observa¬ 
tory, completed in 1915, was the most important. When these 
measurements were combined with observations of the spectra 
of the nebulae a quite unforeseen red shift was found, apparently 
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indicating that the farther the nebula the faster it was moving 
away from us. There seemed to be no escape from the idea 
that the universe was expanding, and conversely that in the 
remote past its contents must have occupied much less space 
than they do now. Lemaitre in 1927 made the drastic 
assumption that all the matter in ihe universe was packed into 
one atom, a kind of cosmic egg, which burst in the first and 
greatest atomic explosion, not four thousand but four thousand 
million years ago. This view has not gone unchallenged; 
there are many alternative theories, ranging from those which 
question whether the red shift really implies expansion, to 
those which postulate not one but a continuous creation of 
matter in the universe.®*^^* Meanwhile, observations of 
near and distant nebula* seem to disclose intermediate phases of 
formation of stars and possibly of planetary systems. Whole 
necklaces of apparently new stars have been photographed by 
Fesenkov at Alma Ata apparently condensing from wisps of 
nebular material. At the moment observations, experiments, 
and theories arc in such a state of flux that all that seems 
established is that the universe has a history. 

The insufficiency of physical theory 

In tracing it out as much is likely to be learned about the 
nature of matter and radiation as about the distant heavens. 
Indeed the new discoveries, especially those of mesons and the 
atomic disintegrations they produce, have put a very con¬ 
siderable strain on existing physical theories, particularly those 
of relativity and quantum theory. In fact all these new dis¬ 
coveries point to the need for a radical revision of these theories, 
at least as radical as that which the Victorian theories under¬ 
went at the end of the nineteenth century. This revision is 
most unlikely to come by tinkering with the present theories 
while accepting the assumptions that underlie them, but rather 
by making a fundamental attack on their logical and philo¬ 
sophical bases. It was in this way that the older theories were 
overthrown, first by the accumulation of material experimental 
evidence which they could not explain, and secondly by ques¬ 
tioning the bases of the arguments which had led to the 
classical theory. 

This time the questions and criticisms will probably have to go 
far deeper. While experimentation in physics is closely related 
to the practical questions involved in industrial development, 
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theory on the other hand often reflects more the political 
and religious views of the ruling classes at the time in question 
or even earlier. The fact that a theory explains the experi¬ 
mental results^ though a proof that it is not absolutely false^ is 
no proof that it is absolutely true^ as the fate of Newtonian 
theory has already shown us. Any new theory must of course 
account for all or most of the existing facts, but it will be 
accepted, as previous revolutions in physical theory have been 
accepted, only if besides explaining them it serves to link to¬ 
gether more successfully even wider fields of experience. 

We arc just entering a new phase of criticism of physical 
theory where the evident malaise of mathematical physicists at 
the inadequacy and inelegance of the quantum and relativistic 
theories is giving rise to efforts at radical reconstitution. The 
attack comes from all sides, both from the older giants, Einstein, 
de Broglie, Dirac, and Frenkel, as well as from the younger 
physicists, Blokhintzev, Janossy, Bohrn, and Vigier, Though 
the new theories are various they have common aims. One is to 
generalize a field theory that will unite the hitherto disparate 
relativity and quantum theories. Another is to remove the 
need for the basic indeterminacy of the new quantum theory 
especially associated with Bohr and Heisenberg. The victory 
will go to whoever can explain satisfactorily the new and fuller 
range of physical phenomena, the intranuclear forces, and the 
behaviour of the range of ephemeral and protean nucleons. 
It is too early to say what will ultimately emerge, but it is 
bound to be very diflercnt from the accepted orthodoxy of the 
last twenty-five years. 

io.^~~ELECTRONICS 
Wireless and the ionosphere 

We have here pursued the subject of nuclear physics to the 
bounds of present knowledge. But nuclear physics, though 
it represents the farthest outpost of the advance of experiment 
and theory into the unknown, is not the whole of physics and 
not even the most useful part of it. Indeed it could not have 
come into existence if at the same time great advances were 
not being made in other fields of physics. The most important 
were in the fields of radio waves and electronics. Here the 
development of physics ran parallel with that of industry. 
Electromagnetic waves had, as we have seen, been produced 
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by Hertz in 1886 following Maxwell’s theory on their nature 
and properties. It was not until the end of the century that 
they were used for practical signalling. By then the interest 
they aroused induced successful trials in many countries; by 
Oliver Lodge in England, Popov in Russia, and Bose in India, 
among many others. Full commercial success did not, how¬ 
ever, here go to the trained scientist but to the gifted and 
optimistic amateur. 

A sound physicist would have said at the beginning of the 
century that it was quite impossible to send electromagnetic 
waves over any large distances. They would simply go off the 
surface of the globe through the air and not come back. 
Nevertheless Marconi, who was not enough of a physicist to 
believe this, tried to send wireless signals across the Atlantic 
and they were actually received on the other side. This meant 
that there must be some kind of mirror which reflected radio 
waves back again down on to the earth. Sir Edward Appleton 
took up this study in the ’twenties and was able to show that 
such layers, consisting of ions produced by solar radiation, 
existed not only at one but at several levels in the atmosphere’s 
constitution—in what is called the ionosphere. He measured 
their height by sending up very short signals and noting the 
time they took to be reflected. This was the basis of the radar 
device of the war, essentially the same as the method of echo¬ 
sounding which had already been used in the First World War 
for locating submarines by the very much slower movement of 
pressure waves in water, and indeed the method used by bats 
in avoiding obstacles in the dark. 

The electronic valve 

Marconi’s spectacular and unexpected success assured the 
rapid development of wireless communication if for no other 
use than for communication with ships at sea. It would not, 
however, have taken the place it has in everyday life had it 
not been for the development of the electronic valve. This 
major contribution to twentieth-century electronic physics 
came almost equally from industry and science. Its trans¬ 
formation from a laboratory curiosity to a saleable commodity 
in less than a decade is a measure of how rapidly industry could 
absorb and utilize twentieth-century physics. The initial 
observation which led to the development of the valve came 
from industry itself, indeed from Edison’s own research 
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laboratory in Menlo Park. Already in 1884 he had noticed 
that the glowing filament of an electric bulb could retain a 
positive but not a negative charge. He scaled a metallic plate 
into the bulb and found he could pass a current from plate to 
filament but not from filament to plate. This was the first 
electric valve^ and its action was readily explained by J. J. 
Thomson’s theory of electrons. The hot wire of the filament 
gave off electrons which travelled to the plate only if it was 
charged positively^ but the cold plate could not give them up 
even if charged negatively. The dependence of the valve on 
the properties of electrons justifies its modern name—the 
electronic valve. The two-electrode valve was found useful as a 
rectifying device in radio telegraphy. It was^ however, 
modified somewhat empirically, by de Forest in 1905, by adding 
another electrode in the form of a grid, to make the three- 
electrode (triode) valve, which gave it the really revolutionary 
possibilities of amplification and generation of waves. This 
device made radio telephony and broadcasting possible, and is 
the basis of all high-frequency engineering today, both in radio 
and to a larger and larger extent in power electricity. 

Amplification and regeneration 

The triode valve and its numerous and complicated progeny 
are not merely or even essentially valves. Its real novelty is 
that it is an amplifying device; it allows small variations of 
voltage or current to be converted into large ones. The 
principle of arnplification is that small energy changes can be 
made to direct large ones. Earlier devices, such as the lever, 
had magnified mechanical action, or, like the lens, had spread 
out images, but in all these cases the applied energy was 
merely transmitted and some was always lost. In the ampli¬ 
fication effected by a valve, energy is fed in from outside but 
the pattern can be imposed on it by one that is much weaker. 
The valve is the type of device operating on information rather 
than on power. It was indeed the first fully flexible cybernetic 
device (p. 548)—an enormous step from its crude anticipation 
in the escapement of a medieval clock or the electrical relay of 
the nineteenth century. By coupling the output of a valve 
back on itself in a resonant circuit it can also be made to 
generate oscillations of controllable frequencies. These two 
properties, amplification and regeneration or feed back, make the 
valve at the same time an observing instrument and a tool. 
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It is perhaps the most characteristic product of twentieth- 
century technology. 

The development of valve manufacture found its basis in 
that of electric lamps and in turn the more severe demands 
made on valves stimulated vacuum technique. It was 
enormously stimulated by the use made of valves for radio 
communication in the latter years of the First World War, 
and soon after it by the new popular demand for radio. Now, 
once it could be manufactured cheaply and on a large scale, 
the valve could return to the service of physical science. 
Indeed it is impossible to imagine how physical science could 
have achieved the results it did in the second quarter of the 
twentieth century had it not been for the universal use of valves, 
which could have been made sufficiently cheaply only by their 
having an important industrial use. The developments of 
high-tension, vacuum, and valve techniques inevitably led to 
an integration of academic physics and the electrical industry 
in the twentieth century as close as that which existed between 
academic chemistry and the chemical industry in the nine¬ 
teenth. A new applied science was born and acquired the 
very appropriate name of electronics. 

Radio and radar 

Its first uses were in the refining and extending of radio 
communication. There was a steady trend to shorter and 
shorter wave-lengths, partly because of the exhaustion of 
available bands through the ever-increasing number of broad¬ 
casting transmitters. Another advantage of shorter wave¬ 
length was the increased possibility of directing it along well- 
defined beams. Directional radio started from the need to detect 
the origins of the thunderstorms that caused the troublesome 
atmospherics, and it was later used for beamed wireless for distant 
sending. Accuracy in direction, however, depended essentially 
on using shorter and shorter waves, and this in turn reacted on 
the manufacture of the valves and circuits used to generate them. 

From directed waves it was natural to pass to the study of 
reflection and hence to radar. The immediately effective 
stimulus for its practical development lay in the threat of air 
attack that hung over the world before the Second World War. 
Once the problem of detecting the presence of an aeroplane by 
the reflection of a pulse of radiation was formulated, it was not 
long before intensive and organized research led to an effective 
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solution. In Britain, thanks to the initiative of Watson-Watt, 
a radar screen was developed just in time to check air invasion 
in the second year of the war. Soon after a further great 
advance was made in the inv'ention of the cavity magnetron as 
a powerful source of centirnetric waves, enabling much higher 
precision of location to be achieved. As the war advanced 
radar came to be used in an ever larger number of applications: 
for finding the way, for mapping from the air, for controlling 
the flights of aeroplanes, and then that of bombs and shells. 

Short waves: radio-astronomy 

At the end of the war short-wave and ultra-short-wave 
wireless were in common production—a development which 
again would have taken many, many years under peace-time 
conditions—and with these short weaves man has acquired a 
new kind of sense organ, one more suited to long and middle- 
distance observation and communication than anything that 
ordinary light can give. While by ordinary optical methods 
only the direction and character of a distant signal can be 
gauged, radar provides the additional co-ordinate of the dis¬ 
tance. Thus it is possible to use these new methods for as¬ 
tronomical purposes, providing a useful check, for instance, of 
the distance of the moon. More surprisingly it turns out that 
the sun and stars themselves emit rays of this kind, and these 
rays give rise therefore to a new kind of astronomy, radio- 
astronomy, show'ing the existence of invisible stars. 

Cathode-ray tubes and television 

From the early experiments of J. J. Thomson onwards, 
moving beams of electrons had been used in various modifica¬ 
tions of cathode-ray tubes to analyse rapidly varying currents 
by transforming them into visible moving images. The 
cathode-ray oscillograph is in itself a kind of time microscope 
capable of following changes far more rapid than any system 
of mechanical levers or mirrors. Its uses in science and 
industry are manifold. It is now familiar to millions as tlie 
television screen. In television, moving electron beams are 
used in the transmitter to scan electric charges produced 
photo-electrically from a lens image. The resulting pattern is 
reproduced by another synchronously scanning beam to impress 
the fluorescent screen in the receiver. The development of 
television was slow not because its principles were not grasped 
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at an early date (Campbell Swinton’s proposals on essentially 
the same lines as are now used were made in 1911) and not 
because of the technical difficulties of scanning or of broad-band 
short-wave transmission. It lagged essentially because the big 
electrical firms, even the new firms that had grown up with 
radio, were too intent on immediate profits to indulge in 
expensive development. It was left to enthusiastic amateurs 
like Baird (1888-1946), using primitive equipment, to make the 
decisive advances and convince the commercial world that 
there was money in it. 

Television, though the most direct of cathode-ray display 
systems, was not the only one. The needs of the war, particu¬ 
larly that of seeing without being seen, gave rise to many 
others. The great range of receptors, scanning, and transmit¬ 
ting circuits and displays has now made it possible to take any 
kind of initial radiation—X-rays, ultra-violet, infra-red, or 
short-wave radio—and use a cathode-ray tube to build up an 
image visible to the eye. The importance of this in enlarging 
human perception is especially great because the human brain 
is itself more than half taken up with the process of seeing and 
interpreting what is seen. The eye-brain complex is, as 
Wiener has pointed out, itself an extraordinarily compact 
and efficient nerve circuit for recognizing, analysing, and 
following images. To make a phenomenon visible is immensely 
to enlarge our powers of understanding it. 

Electronic predictors and servo-mechanics 

Another unforeseen by-product of the development of radio 
engineering in the war has been the development of elec¬ 
tronically linked combinations of receptors and servo-mechan¬ 
isms, realized in predictors and later in computing machines. 
These were primarily used for aiming, steering, guiding, and 
exploding weapons, ranging from a radar-controlled system 
of anti-aircraft artillery to the millions of electronic proximity 
shells that they fired. This has added a new dimension to 
mechanical production. Just as the tool is a substitute for the 
claws or teeth and the machine for the arm and body manipu¬ 
lating the tool, so is the electronic servo-mechanism a substitute 
for the whole man—eye, brain, and hand together. It is an 
extension of automatism from a regular routine nature, for 
which the old machine is adequate, to that in which variations 
within very wide tolerances can occur. 
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Servo-mechamsm must contain sensory efcments such as photo 
cells and motor elements such as electric motors. ^ It must 
also contain some connection between them involving fixed 
instructions^ conditional instructions^ and even previous 
messages^ by which the various stimuli received by the device 
are led to effect appropriate external responses by means of 
circuits which will be discussed more appropriately in con¬ 
nection with electronic computers. 

By combining valve circuits in various ways, it is now possible 
to begin to make use of the extremely light and flexible character 
of electronic movements for many of the purposes for which 
human thought has been needed in the past. What has been 
done is effectively to increase the speed of all operations of a 
significant rather than a massive character by a factor of 
several hundreds of thousands, that is, to do in a ten-thousandth 
of a second what used to take a minute by mechanical means 
owing to the intrinsic inertia of massive matter. 

At the same time it is also possible to compress into an 
extremely small space electrical circuits which, if replaced by 
mechanically operated parts, would take up many thousands 
of times as much room. Even now this process is only be¬ 
ginning, and some of the war developments of miniaturizing 
show that it can go very much farther. The idea that a com¬ 
plete sending and receiving wireless set can be made so small 
and so cheaply that it can be fitted into every anti-aircraft 
shell fired and lost would have seemed fantastic even at the 
beginning of the war. It is now a commonplace, and newer 
developments make it certain that this process of speed-up in 
time and reduction in space is going much farther. In the 
germanium transistor^ a long-lost descendant of the cat’s 
whisker of early wireless days, the movement of electrons in 
crystalline semi-conductors takes the place of their movement 
in a vacuum. It has already replaced valves for many pur¬ 
poses, especially where small size is important; and other new 
materials specially devised for even greater sensitivity will 
probably supplement it. A similar function is carried out by 
retentive magnetic substances to provide decision elements for 
storing information. 

Electronic computers: cybernetics 

But it is not so much in the components themselves but in 
their connections that the real novelty of modern electronic 
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devices resides. Again, for the purposes of war, it was neces¬ 
sary to make devices which could add and compute as rapidly 
as was needed to carry out the complicated operations of 
direction and range-finding and the computation of shell and 
rocket trajectories. These made it possible towards the end 
of the war to develop the first fully-electronic computing 
machines. As computing machines they started where the 
mechanical computing machine left off more than a hundred 
years before, when Babbage had attempted, at enormous cost, 
to set up a machine to calculate mathematical tables more 
quickly and more accurately than human computers could do. 
At the moment we are only beginning to sense the possibilities 
of electronic computation. Here we have a generalized means 
for translating into movement of electrons the complicated 
and orderly processes that are carried out in the computer’s 
mind. 

Such a machine can not only carry out precisely orders given 
to it, but it can—and this is the essential novelty—react to the 
unforeseen situations dependent on the value of the first stages 
of its own calculation. Like the servo-mechanisms, of which 
it is a highly specialized and refined type, it can react to con¬ 
tingencies, and even already begins, in selecting concordant 
and rejecting discordant results, to show some of the charac¬ 
teristics of judgment and of learnings in finding out easier ways of 
doing things that have been done once and so to a certain 
extent making up its own rules as it goes along. In all this it 
must carry within itself a large number of data or bits of in¬ 
formation, some provided from outside, others generated by 
the operation of the machine and requiring to be held for 
further use, held indefinitely but releasable at call. This is 
the memory^ the essential feature of electronic computing, and 
while a certain number of memories already in service are of 
a static kind, that is, recorded by marks on some very finely 
graduated wire or disc, others are dynamic memories, carried 
as signals continually flowing as pressure waves through a 
liquid and regenerated in identical form over and over again 
as long as they are needed. These indeed resemble, in a very 
crude and simplified way, the rapid and never-ceasing flow of 
nerve impulses which by their specific patterning may be the 
means of preserving our own memories over so many years 
(p. 656). This is indeed, as Wiener has shown in his book 
Cybernetics (or steersmanship), a new branch of creative science, 
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linking mathematics, electronics, and communications engineer¬ 
ing with the physiology of the nervous system and with psy¬ 
chology itself. The possibility of constructing what are 
effectively thinking machines, no matter how low the level of 
thought, is certain to have a profound influence not only on the 
physical and biological sciences, but on every aspect of human 
life, material and social, including industry and economics. 

The wave nature of the electron 

While the control of long electromagnetic waves was 
providing new telescopes, that of electrons themselves was 
providing new microscopes. Dc Broglie in his theory of 1924 
had suggested that each electron was accompanied by a wave¬ 
length inversely proportional to its velocity. Three years 
later Davisson and Germer accidentally discovered the 
diffrac tion of electrons by crystals, analogous to the diflraction 
of X-rays by crystals discovered fourteen years before. This 
discovery might have been made in an attempt to verify the 
de Broglie theory. In fact it was hit on purely experimentally, 
and belatedly at that. The diffraction of electrons might 
even have been observed before the discovery of X-rays, for 
thin pencils of electrons had been shot through metal plates as 
far back as 1894, but no one had thought of photographing 
the emerging beam. If electron diffraction had been observed 
and then the wave nature of the electron deduced from it, the 
whole course of the development of twentieth-century physics 
would have been altered and probably very much accelerated, 
though the same discoveries would probably have been made 
in a different order. 

The electron microscope 

Even before the parallelism between electrons and light in 
their dual role as particles and waves was recognized, the 
idea of using deflecting electric and magnetic fields to focus 
them was beginning to be used. We now know how to con¬ 
centrate and focus electrons to employ all the techniques of 
refraction and interference already in use in normal optical 
instruments. The difficulties of doing this at first were 
essentially experimental, as electrons can move freely only in 
a vacuum and the “ lenses ” for them had to be immaterial, 
electrical, and magnetic fields, but they were overcome as 
techniques improved and a new science of electron optics 
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grew up. Its greatest triumph was the electron microscope, Tlie 
ordinary light microscope is limited in the size of the object it 
can see by the coarseness of the waves it employs, and although 
to our senses a wave of light is an extremely small thing—less 
than one fifty-thousandth of an inch—it is still very large 
compared with the dimensions of an atom, in fact some 2,000 
times as large. Now electron waves can be made much 
shorter than this, and it is convenient to employ them with a 
wave-length of about a tenth of an atomic diameter. By a 
combination of electric or magnetic lenses it should accordingly 
be possible to imitate a microscope in which the magnification 
can be made a hundred or a thousand times greater than can 
be obtained with a light microscope. Ruzeka succeeded in 
doing this and built the first electron microscope in 1937. 
Since then they have been greatly improved in range and 
magnification, so that objects as small as single molecules can 
be seen distinctly. 

The electron microscope is even a greater advance on the 
ordinary microscope than the microscope was on the unaided 
eye. It enables us to see and reproduce on photographs the 
whole range of structures, from those clearly visible in an 
ordinary microscope down to those of practically atomic 
dimensions, and as it turns out, it is just these structures that arc 
the most interesting and significant for the understanding of 
the characteristic properties of life. In the electron microscope 
viruses and bacteriophages become visible and distinguishable 
for the first time, and the finer nature of the structure of such 
tissues as muscle and skin begins to show something of why 
they have the peculiar and useful properties that they show in 
living organisms. It has even been shown that the mito- 
chrondria and other sub units found inside cells have an in¬ 
ternal layer structure, thus revealing for the first time a long- 
suspected intra-ccllular architecture. A whole new biology 
will come from the use of the electron microscope. It is the 
most direct way of bringing the structure of small objects into 
the range of our ordinary senses. As such it has a great 
philosophic importance because it gives a visible reality to 
unities such as molecules, which were first thought of as 
abstract hypotheses. (Plates 3 and 4.) 
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(/>) The identification of the a particle as a Helium ion. Radium emanation is 
introduced into the tube A. The a particles passing through its thin walls 
are detected by their spectrum in the discharge tube V. 

From Philosophical Magazine^ 17, 281 (1909). 
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10.^—PHYSICS AND THE STRUCTURE OF MATTER 

Molecular architecture and chemistry 

Long before the electron microscope was developed, a far 
more powerful, though indirect, way of seeing even finer struc¬ 
tures had been developed, follo^ving the original discoveries 
of von Laue and the Braggs on the diffraction of X-rays by 
crystals (p. 521). These methods of crystal structure analysis 
have now been so perfected that it is possible in a very large 
number of cases to determine the detailed positions, sizes, and 
shapes of atoms in quite complicated molecules. For example, 
the structure of the penicillin molecule was first worked out 
purely by X-ray methods before it was confirmed by chemical 
analysis.®* X-ray analysis showed atoms as definite, more or 
less spherical, bodies of different sizes according to their inner 
constitution, and within molecules or in crystals having rela¬ 
tively constant and measurable distances between them. The 
imaginary pictures of molecules which Kekule and the nine- 
tcenth-century organic chemists had drawn to illustrate the 
logical consequences of chemical reactions were shown to have 
a material and spatial base. The X-rays are not the only short¬ 
wave-length radiations that can be used to unravel the struc¬ 
ture of molecules and crystals. Electron diffraction has also 
been widely used, especially for studying surface effects, often 
of vital practical importance, and for determining the structure 
of molecules in gases. More recently the diffraction by 
crystals of neutrons from piles has also been used. They have 
the great advantage of giving information on the nuclei of 
atoms instead of on the electron clouds. This has revealed the 
existence of anti-ferro-magnetism, in which the magnetic 
moments of atoms are arranged to neutralize each other 
instead of supporting each other as they do for instance in 
ferro-magnetic iron. 

Internal vibration of molecules 

The picture of molecules given by X-rays was necessarily 
a static one. It was a long exposure in which any internal 
movement was blurred; but twentieth-century physics was to 
supplement this deficiency as well, and give the information on 
the dynamic behaviour of molecules equivalent to providing 
a cinema film of their movements. This was the result of apply¬ 
ing the quantum theory of the spectra of molecules, particularly 
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in the infra-red, where the period of vibration of the light could 
be in tune with the natural vibrations of the atoms in the 
molecules. Alternatively, as Raman and Mandelstam showed 
in 1928, the value of these frequencies could be found through 
the minute changes that occurred in the colour of visible light 
scattered by molecules. The rates of vibration in different parts 
of the molecules were to furnish extremely accurate measures of 
the forces holding the atoms together in these molecules. The 
new physical methods thus built up a quantitative physical picture, 
complete with distances and forces, of what had before been a 
purely formal account of how molecules held together in terms 
of such qualitative concepts as valency and affinity. 

Mew theories of chemistry 

Already in 1920, with the theories of Kossel and of Lewis and 
Langmuir based on the simple Bohr atom, which could gain 
or lose electrons to become a positive or negative ion, it was 
possible to reinterpret inorganic chemistry in physical terms. 
This was an enormous gain in rationality. The chemistry of 
the nineteenth century could find simple formulae for com¬ 
pounds but could not explain either the properties of these 
compounds or even why some were formed and not others. 
The new understanding of the atom now made it possible to 
begin to explain both kinds of facts, and to make chemistry 
depend less on memory and more on deductions from a few 
simple principles. The general field of chemistry could now 
be divided into four sub-fields: that of the rare gases, where all 
electrons remained attached to atoms; that of metals, where 
there was an excess of electrons; that of non-metals, where 
there was a lack of electrons; and that of salts, where exchanges 
had taken place between the metal and the non-metal ions. 
This is the modern justification for the Arab-Paracelsan 
spagyric system of mercury, sulphur, and salt (p. 272). The 
analogies from external appearance on which it was based find 
their explanation on quantum theory grounds (p. 523). With 
the development of the quantum theory this general picture 
could in turn become quantitative; in the case of salts or ionic 
crystals the forces holding the whole crystal together could be 
calculated in terms of known electrostatic potentials. 

The chemistry of minerals 

This had an immediate effect on the understanding of the 
complex chemistry of the minerals and rocks. Sir Lawrence 
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Bragg’s detailed X-ray analyses, combined with V. M. Gold¬ 
schmidt’s (1888-1947) wide-ranging surveys of all the elements 
and Pauling’s theoretical insight, showed that the stability of 
mineral structures, and hence their occurrence in the earth, 
depended on very simple considerations. A stable mineral in 
fact occurs when appropriate numbers of its constituent atoms, 
which may be considered as spheres of different sizes, pack 
snugly and regularly together. The mineral world, from 
being a chaos, fell into order, and the new knowledge was 
immediately valuable for understanding the distribution of 
the elements in the rocks and hence learning where to find 
them. Crystal structure indeed was to prove the key to the 
formulation of the principles of geochemistry^ by which the 
short- and long-term transformations of the rocks through 
erosion, deposition, folding, and volcanic action could be 
followed. 

The electronic theory of metals and alloys 
An advance of greater practical importance was made by the 
application of X-ray analysis to metals. These proved to have 
exceptionally simple crystal structures, which explained the 
ease with which they alloyed with one another. Here the 
number of free electrons, which make metals at the same time 
reflecting and electrically conducting, was seen to have a 
predominant influence, and a beginning could be made in a 
rational and not merely trial-and-crror metallurgy. The 
structural studies did more: they explained the primary, 
economically valuable properties of metals—their plasticity 
and hardening, the means by which metals can be forged, 
rolled, and drawn—and made possible the beginning of a 
rational control of these processes. 

The quantum theory of valency and interatomic bonds 
The problem in the case of compounds between non-metals 
was, however, very much more difficult. It was not till 1927 
that the first clue to the nature of the forces between them was 
found. They were attributed, in a way only understandable 
in terms of the quantum theory, to the possibility of the ex¬ 
change of identical electrons shared jointly by a pair of atoms. 
It was not until 1934 that a quantitative account of a homopolar 
or electron-sharing bond was worked out by Heitler and 
London and applied to the simplest case, that of the hydrogen 
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molecule with two protons and electrons. Even though this 
method could not be applied quantitatively to the more com¬ 
plex cases, it did bring a physical understanding to most of the 
hitherto entirely arbitrary and merely experimental facts of 
chemistry. It explained the general nature of chemical 
reactions, and why in each reaction a certain amount of heat 
was liberated or absorbed, corresponding to a change in energy 
levels of the electrons in the initial and final state. It also 
threw light on the most important practical development of 
twentieth-century chemistry, those of reactions assisted by 
artificial catalysts or natural enzymes, both of which act by 
lowering the energy required to bring about the beginning of 
the chemical reaction, though they do not affect its final state. 
It also illuminated the mechanism oichain reactions^ which either 
in the rapid form of combustions in an engine cylinder, or in 
polymerizations for making plastics, have become of major 
industrial importance. 

Relations of chemistry and physics 

It must, however, not be imagined that as a result of all 
these advances chemistry has become merely a branch of 
physics. What has happened is that physical theory and 
physical experimental methods have increasingly interpene¬ 
trated and rationalized the old qualitative ideas and the rule- 
of-thumb practice of earlier chemists. Chemistry has grown 
in complexity in dealing with more and more intricate and 
unstable compounds as rapidly, if not more rapidly than its 
central doctrines have been transformed by physics. Physics 
is a tool to the chemist just as chemistry is a field of intellectual 
exercise to the physicist. 


The earth sciences: geology and geophysics 
The status of the sciences of the earth—geology, oceano¬ 
graphy, and meteorology—is different in kind from that of 
the basic sciences of physics and chemistry. This is because 
they lack the same degree of generality, referring as they do 
to particular places and times rather than legislating for all 
places and times. T hey involve more descriptive and historical 
and less logical and mathematical elements. They are 
-graphics rather than -logics. For that reason, though they have 
enormously increased in range, the changes that have taken 
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place in them are due largely to new techniques and new ideas 
imported from physics and chemistry. 

Nothing has occurred in the twentieth century to cause any 
drastic revision of the principles of geology established in the 
nineteenth. They have^ however, been given enormously 
greater precision and extent. Under the pressure of an ever- 
increasing demand for oil, coal, and metals, methods of survey 
have been completely transformed. A new science of geo¬ 
physics has arisen by which the most refined gravity, seismo- 
logical, and magnetic measuring implements have been adapted 
for use in the field or even in some cases from the air. The 
information they give about the nature of strata thousands of 
feet down have been correlated with those of test bore-holes. 
The old-time geologist with his little hammer is as much out 
of place as the old-time prospector with his donkey, pick, and 
pan. In their place go armies of engineers and scientists, with 
aeroplanes, trucks, and drill gantries, their work guided by 
structural theories, their results checked by base laboratories. 
It is in this field that the new socialist economies, freed from 
the restrictions and sccrccy of rival commercial exploitation of 
minerals, have gone far ahead; Azerbaijan turns out more 
native field geologists than England. 

The full scientific value of this mass of new data still requires 
to be extracted. Combined with geochemistry and supple¬ 
mented by model experiments along modern engineering lines, 
the new geological and geophysical data should become the 
basis for a full quantitative explanation of such phenomena 
as mountain building, volcanoes, earthquakes, and glacial 
periods. On the historic side of geology an immense advance 
has been made in using radioactive changes to measure the 
absolute age of strata, so that dates are now as indispensable 
a part of geological as of human history. The use of isotopes 
in tracking down the precise origin of different formations is 
only just beginning, but promises to provide the clue to critical 
dates in geology, such as that of the origin of life.®* ®*^^® There 
are already sufficient indications from the experience of the new 
methods that a great transformation in the science of geology 
is soon due to take place, but it will do so only when every 
part of the earth is open to the use of the people who live 
there, and when the mechanical and scientific abilities of 
mankind can be used to discover and utilize natural resources 
for constructive and not destructive ends. 

557 



THE PHYSICAL SCIENCES IN 


Oceanography 

While in the study of the solid crust of the earth it is the 
structural and historic elements that predominate^ in that of 
the waters and airs it is the dynamic element and the rapidity 
of change which need to be understood. The classical days 
of oceanography lie in the nineteenth century^ when the 
charting of ocean currents and the sounding of the deeps were 
a natural accompaniment of the opening of world-wide trade 
and the laying of submarine cables. Its development in the 
twentieth century has been more extensive than spectacular. 
Data on the physical conditions of the oceans have been steadily 
accumulating, and the laws of evaporation and of tide and 
wind-driven currents have been elucidated. The greatest 
advances have been made on the edges of the ocean basins^ the 
continental shelf furrowed with sinuous and deep canyons of 
still unknown origin^ which have been studied with the anti¬ 
submarine device of the First World War—the piezo-electric 
echo sounder. The coastal landing operations of the Second 
World War led to the first really quantitative study of beaches 
and of the waves and currents that serve to form them. Since 
the war the most exciting study has been that of the deep- 
sea bottom^ which men are beginning to visit in bathyscopes. 
The long cores that can now be extracted from the deep- 
sea oozes correspond to tens of millions of years of slow deposi¬ 
tion, and their interpretation gives clues to the climates of earlier 
ages. Deeper still, explosive echo-sounding has traced the 
deposits right down to the crystalline crust. Here oceano¬ 
graphy marches with geophysics and seismology and the interest 
in the results is more than academic. Hitherto man has only 
exploited the riches under the earth; the far greater expanses 
under the sea still remain to be tapped. 

Meteor olog)^ 

The air^ on the other hand^ only came fully into its own in 
the twentieth century, when the need of air travel in peace 
and even more in war put a high premium on an hour-to-hour 
knowledge of temperatures and winds. The knowledge re¬ 
quired had also to extend upwards, well out of the range of 
old ground-locked meteorological stations. One of its first 
fruits was the discovery in 1900 of the upper limit of our dis¬ 
turbed lower air, the troposphere, and the existence of the 
smooth-flowing empyrean of the stratosphere. The next 
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crucial discovery came in 1918 with Bjerknes’ polar-front theory 
of cyclones.®-** The cyclone itself was hardly a discovery.®-^* It 
is a phenomenon scarcely possible to avoid noticing; the Chinese 
sky dragon, terrible but ultimately beneficent and rain-bringing, 
is a personified tornado. The first accurate description of one 
was given by Dampier in 1687; the first explanation in terms 
of masses of rising air set twirling by the rotation of the earth 
was put forward by Espy in 1841. 

The crucial idea which Bjerknes added was the concept of 
separate masses of warm and cold air interacting only on 
inclined planes of contact—the cold and warm fronts—with 
the production of clouds and rain. Bjerknes’ theory was an 
indirect or perhaps negative consequence of the First World 
War. Gut off in Norway from meteorological information 
from abroad, he was forced to think out an independent way 
of predicting the weather. By introducing a third dimension 
into meteorology Bjerknes anticipated the enormous new 
importance of the physics of the upper air that was to come 
from the urgent needs of aviation. In the Second World War 
this need was partly met by the use of radio aids, notably 
the radio sonde, which broadcasts meteorological information 
from accurately localizable balloons, and by the direct use of 
radar, particularly valuable in the study of storm conditions. 
Even steady rain has a radar detectable flat ceiling where it is 
formed from melting snow. Despite all this new wealth of in¬ 
formation, and even despite the electronic computing machines 
which are begging to be used to reduce it to manageable 
dimensions, meteorology has still to become a full science with 
quantitative laws linked with the rest of physics. 

lo.^—TWENTIETH^CENTURY TECHNOLOGY: 
ENGINEERING 

We have now outlined the progress and the interrelations 
of the physical sciences in the first half of the twentieth century. 
It remains to follow the effects of these developments on the 
general technique and industry of the period. The difficulty 
here is not, as it was in previous centuries, to trace the con¬ 
nections between science and industry, but to be able to treat 
them separately, even for descriptive purposes. This has 
already been exemplified by the need to describe the radio 
industry as an integral part of the advance of physics. It is 
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apparent that the effect of science on industry is both more 
rapid and more far-reaching than ever before^ and indeed in 
the Second World War and post-war periods science is quickly 
becoming an integral and inseparable part of industry* From 
the beginning of the century, in some industries such as the 
chemical and electrical, it could fairly be claimed that science 
had now more to contribute to industry than to learn from it. 
By the middle of the century that point was being reached even 
in the most traditional industries such as agriculture and 
building. 

The development of industry in the twentieth century, 
though it follows on continuously from that of the nineteenth, 
has proceeded so fast and so far as to turn the whole process 
of production into something virtually new. The essential 
change in the first half of the century was in the methods of 
production from machine-aided craftsmanship to mass-pro- 
ductioriy and this is likely to give way in turn in the second half 
to automatically controlled production where new mechanisms, 
largely electrical, take the place of the unskilled operators of 
the semi-automatic machines of today. With this change in 
the productive methods of single articles goes a much greater 
interlinking of different industries and the turning of tradi¬ 
tional and craft occupations, such as agriculture and building, 
into mechanized industries. The following sections will 
contain an outline of the chief developments in mechanical 
and chemical industry and the parts played in them by 
science. The electrical industry has already largely been 
covered in discussing the developments of physics, with which 
it is inextricably connected. 

Mass-production 

Mass-production is essentially an organizational rather than 
a technical innovation. Its elements, interchangeable parts 
and the assembly line, have existed since the late eighteenth 
century (p. 428). Characteristically it was Eli Whitney’s gun 
factory in the American War of Independence that first showed 
that it was possible to make a complicated weapon, not by 
shaping the different parts to fit each other, but by putting 
together any selection of them made nearly enough alike 
to be assembled.®*^^’The means for doing a series of 
operations rapidly one after the other had also been worked 
out practically in the slaughter-houses of Cincinnati about 1870 
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by the use of the overhead assembly line.®*^^ The linking of 
these two came about, however, only in the first decade of the 
twentieth century, because it was only by then that it was 
possible, and possible only in America, to find an adequate 
market for large numbers of complicated machines—if they 
could be made cheaply. At the same time this key develop¬ 
ment required a shortage of skilled and an abundance of un¬ 
skilled labour, and a minimum interference from the vested 
interests of an old and heavily capitalized industry such as those 
in Britain. Such a combination of conditions could only be 
found in the United States at the beginning of the century, 
when the farm lands had been fully occupied but were in need 
of machines and transport, and millions of fresh immigrants 
were pouring in from Europe. 

The internal-combustion engine and the motor-car 

The machine that more than any other was to transform both 
industry and conditions of life in the twentieth century was 
the internal-combustion engine. Yet its development did not 
follow directly from that of steam-power plant. This was 
largely because the pioneers of power and transport engineer¬ 
ing in the mid-nineteenth century were too successful, at least 
in their country of origin, England. The monopoly of station¬ 
ary steam-engines for factories, of locomotives for the railroads, 
and of marine engines for steamships, held up development of 
other forms of power, both electrical and internal-combustion, 
in England.®*® Indeed we might have had the internal- 
combustion engine some thirty years earlier had it not been for 
the deliberate restrictions imposed by the railways on any kind 
of road transport. The notorious Red Flag ” Bill was only 
repealed in 1896, and internal-combustion engines had to be 
developed in countries such as France and Germany, which 
lacked anything like the engineering experience that could be 
had in England. 

The internal-combustion engine was, though less directly 
so than the original steam-engine, a fruit of the application 
of science, in this case that of thermodynamics. The funda¬ 
mental idea of exploding a precompressed mixture of air and 
combustible vapour in order to achieve thermodynamic 
efficiency was due to the French engineer de Rochas (1815-91) 
as far back as 1862, but it was a long step from that to a 
workable engine, and many essential details—ignition methods, 
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valve operation—not required in steam-engines had to be 
worked out. The practical pioneers Lenoir (1822-igoo) and 
Otto (i832“-9i)j who devised the still almost universal four- 
stroke cycle, and Diesel (1858-1913), who added compression 
ignition, were able to make efficient engines, but during the 
nineteenth century their use was limited to a relatively few 
static gas and oil-engines. Their use for road locomotives or 
automobiles grew but slowly in the last decades of the century, 
and even then they were largely built to order for luxury 
or racing. Henry Ford (1863-1947) started as a back-yard 
amateur car builder, and rapidly became the most successful of 
the manufacturers of the new car, because he realized that what 
was really wanted was a cheap car in enormous numbers.®*^® 
This necessitated some measure of mass-production, and at the 
same time gave an enormous impetus to its further develop¬ 
ment. From then on all the classical methods of engineering 
had to be redesigned to enable them to produce identical parts 
in quantity and without the individual attention of the skilled 
craftsman. 

The motor industry 

Once the cheap car was available, the enormous latent 
demand hitherto unrealized for individual, family, and goods 
transport on the roads gave rise to a whole new industry. 
This should serve as an example of the lack of knowledge of 
the capitalist entrepreneur of where profits could be found. 
There is no way of assessing the real need for a new product 
unless a sufficient number of prototypes is available. But to 
supply these requires investment in plant, and the difficulty 
under capitalism has always been to finance such early stages. 
The result is that the great delay between first invention and 
first effective use is largely due to these purely financial con¬ 
siderations. 

Once the profitability of motor manufacture was proved 
capital flowed in readily enough. A new industry grew up 
which was in a few years to outstrip the older engineering 
industries, and in large measure to absorb them. The auto¬ 
mobile industry was, from the moment of its popular success, 
highly concentrated, for only the very largest concerns could 
meet the market demand. Alongside the new chemical and 
electrical combines the automobile industry took its place at 
the very centre of monopoly capitalism. It is interesting, but 
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not very surprising, to note that the first large-scale develop¬ 
ment of the motor-car came practically at the end of the 
development of the internal-combustion engine, for, with minor 
modifications in performance, of an essentially technical 
nature, it still remains what it was in 1880. What is radically 
new is not the car itself, however its appearance may have 
changed, but the mass-production methods of manufacturing 
it, to which we shall return later. The further technical 
development of the internal-combustion engine into the 
internal-combustion turbine was to come from another quarter, 
that of aviation. 

Aviation 

To be able to fly like a bird has been one of the perennial 
dreams of mankind, as shown by the widespread legends of 
flying men or flying machines and by the early attempts in all 
lands to imitate the birds. It has especially appealed to 
scientists, to such varied characters as Leonardo da Vinci 
(p. 269), John Damian (r. 1500) the alchemist of James IV 
of Scotland,®-®® the mathematician Cayley (1821-95), and 
the experimental physicist Langley (1834-1906). We know 
now that none of them could have succeeded, at least in sus¬ 
tained flight, for lack of a light power unit; though they would 
have been able to make and fly gliders as well as anyone 
can today. Actually, though the scientists pointed the way, 
and though Langley made a large steam-powered model that 
flew about half a mile, it was not for the scientists to make the 
final successful efforts. The problems of flight are so complex 
that they could not have been solved by the science of the last 
century; indeed many important ones are beyond the science 
of today. 

The development of flight in actual practice was to be a 
technical rather than a scientific achievement, resembling the 
development of the canoe into the ship. There is, however, 
this significant difference: that whereas the former took 
something like 2,000 or 3,000 years and proceeded by almost 
imperceptible steps, the latter was effectively accomplished in 
less than twenty, and involved literally one decisive jump off 
the ground. The difference is due to the more conscious and 
more dynamic technical and social background and tempo of 
the twentieth century. The early attempts at flight were, and 
had to be, entirely of an amateur kind. Only enthusiasts 
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would risk the certain financial loss and the serious danger to 
life and limb that early flying experiments entailed. Lilienthal, 
the greatest and most scientific of the pioneers, was killed in 
his glider in 1896. But there were enough amateurs, and the 
experience that they gained was passed on from one to the 
other until at last success was achieved. 

For sustained flight everything depended on having a 
sufficiently light source of power, and such a source of power 
could only be available in the twentieth century from the 
development of the internal-combustion engine. The Wright 
brothers, cycle mechanics by trade and aeronauts by inclina¬ 
tion, mounted a home-made engine in a plane and modified 
it until it flew for the first time in 1903. C^est le premier pas 
qui coute. Once Orville Wright had lifted his plane off the 
ground and kept it in the air for a few feet, the future of aviation 
was secure. No matter how many accidents, no matter what 
financial losses were incurred, it was now known that men 
could fly. Progress in every direction, though still for a decade 
of an amateur kind, was rapid, simply because there was now 
available in the new motor industry a range of interest and 
technical ability able to flow at once into any radically new 
opening. The immediate profitability of aviation was not 
apparent, but its publicity value was enormous and could be 
exploited by the new cheap Press. Unfortunately there was 
only too soon to be an overwhelming demand for the new 
flying machines. Within eleven years of the first flight the first 
plane was in battle. From then on the needs of war were to 
provide a perennial incentive for the development of flight 
and one that to this day absolutely dominates aviation. 

Aerodynamics 

Essentially because of its empirical origins, the aeroplane 
was in its first decades to contribute more to science than it 
drew from it. It gave rise to the first serious study of aero¬ 
dynamics, which was to have wide repercussions in engineering 
and even in the sciences of meteorology and astrophysics. 
Earlier efforts such as those of Magnus (i8o2“-7o) were con¬ 
cerned with the flight of shells. The study of streamlined 
motion and turbulence undertaken in relation to the develop¬ 
ment of early aeroplanes was to find immediate application in 
ship design and in all problems of air flow, from those of blast 
furnaces to domestic* ventilation. 
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A comparison of the development of the aeroplane in the 
twentieth century with that of the steam locomotive in the 
nineteenth shows the enormous effect of the economic and 
political conditions of the age of imperialism. Even today 
the locomotive is economically a far better proposition than 
the aeroplane. Now the locomotive was developed in a period 
of profound peace and for purely commercial and profit 
reasons (p. 389). It required big capital, but it could be 
counted on to pay its way. The aeroplane, however, was 
almost from the start under the wing of the State with an eye 
always to its war potential. Aeroplane construction still 
cannot pay its way, and aeroplane operation works only under 
direct or concealed subsidies. The conveniences and the minor 
advantages that the aeroplane provides, in such things as 
doctors’ services in remote places or dealing with plagues of 
locusts, are absolutely trivial compared with its effectiveness 
in spreading destruction. Even before the atom bomb its 
omnipresence, the knowledge that “ the bomber will always 
get through,” was spreading all over the world a feeling 
of fear and blighting the hope of any possible ultimate 
security. 

Jets and rockets 

The evolution of the propellor-driven aeroplane had been a 
straight-line one, from the Wright biplane up to the Super- 
Fortress, but the demand for ever higher speeds for military 
purposes has at last broken through the typical conservatism 
of designers and produced the gas turbine, which has made 
possible the jet plane. It was characteristic that this develop¬ 
ment, both in England and Germany, had been seen to be 
inevitable for many years, yet little encouragement was given 
to the pioneers and even in the Second World War they 
arrived too late to be of military value. 

Also arising from war needs has been the taking up of the 
most ancient of fire-driven projectiles—the rocket. By now 
the distinction between plane and rocket is wearing thin, and is 
likely to vanish as soon as atomic energy can be harnessed to 
propulsion. Jet plane and rocket flight are economical only 
in the upper atmosphere, and the latter as a means of transport 
only for inter-continental journeys. Already, to rocket flight, 
the atmosphere has ceased to be a help and become a hindrance. 
The prospect of space travel, that even ten years ago seemed 
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indefinitely distant, is now certainly within technical capacity, 
although in the present state of the world it is being developed 
for new w^orld-wide destructive purposes. 

Trends in technology : speed 

The trend of aeroplane design is one example of a general 
tendency^ apparent in all modern technique^ towards 
greater and greater speeds. Speed carries with it both advan¬ 
tages and compensating disadvantages. High-speed engines 
have the advantage of being able to pack more power into a 
smaller space and, by operating more quickly, to get far more 
w^ork done or goods transported in a given time. At first sight 
they would appear to be capital-saving—the vast beam engines 
of the eighteenth century gave a miserable four to ten horse¬ 
power ; a thousand-horse-power motor could now be put into 
one of their cylinders. But this contrast is somewhat decep¬ 
tive ; what is gained in compactness is lost in high w'orking and 
maintenance costs. We no longer expect the hundred years 
of continuous service which some of the old beam engines 
actually gave. As higher speeds require far greater perfection 
in both materials and manufacture, the original cost also goes 
up with the speed. These disadvantages disappear where 
speed and compactness are everything and cost is nothing—that 
is in war. Even for peace-time uses speed may be economical 
where it is linked with higher working temperatures, which 
lead to greater thermal efficiency. In the analogous case of 
electricity, higher voltages raise insulation problems but 
involve proportionately smaller current losses, and hence make 
possible long-range transmission of power. 

Science costs and capital saving 

The pursuit of speed has certainly stimulated science and 
technology, since the greater the speed the greater the need 
to understand the processes and materials involved and to 
raise the standard of specification and workmanship. Speed 
is only one factor driving the engineering industry in that 
direction. Everywhere economic conditions press towards 
achieving lower production costs. Not only have things to be 
done better, but also quicker and with fewer people. High 
wages secured by unrelenting union pressure promote labour- 
saving. All this puts a premium on the use of ingenuity and 
science. There is plenty of scope for both. 
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Manufacturing processes, as such, have in the past had 
precious little science in them. They have grown up by 
steady and almost imperceptible changes out of the man-and- 
boy workshop of the early metal age (p. 389). It is not till the 
twentieth century that any serious attempt has been made to 
study them rationally and scientifically. Such an attempt 
implies, among other things, a new relation between engineer¬ 
ing and science. In one way it is a return to the situation that 
existed before the beginning of the Industrial Revolution. In 
the nineteenth century, with the rapid growth of machinery, 
an increasing separation had grown between the relatively 
small number of investigators of new things—the scientists, 
and the great number of developers and users of these 
scientific discoveries—the engineers. We are beginning to 
realize now that it is impossible to have good engineers who 
are not also scientific, that is, who are not capable of using 
the techniques of science to analyse and find out what they 
are doing and should be doing, rather than applying sound 
experience, common sense, and formulae taken from text¬ 
books (pp. 17 f.). 

But before the engineer can become a scientist, the scientist 
has to learn to be an engineer. The weakness heretofore has 
been that the scientist, in his desire to achieve a solution which 
is mathematically and experimentally manageable, has de¬ 
liberately ignored most of the variables which the engineer 
cannot avoid dealing with : the practical limitations of time and 
space and of the quality of materials available, and perhaps 
even more pertinently, because they lie farther outside the ken 
of pure science, the economic questions of cost and the political 
problems of management and ownership. Now the fact that 
these also enter into consideration in every real problem does 
not make that problem less scientific. It only emphasizes that 
science has as yet not taken on its full task. It is perfectly 
feasible to introduce cost factors as variables, both in the pro¬ 
duction process itself and in the ways of changing that process, 
and to do so on a quantitative basis with a view to the greatest 
efficiency. Such calculations were in fact carried out quite 
successfully in capitalist countries during the War, where the 
problem could be seen as one of determining how to achieve 
the maximum effective production for the minimum of man¬ 
power and material resources. The problems of organization 
of industry, which are essentially political and social, though 
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Still within the range of science, have, however, a wider scope 
than the natural sciences, and will be discussed in their place in 
the section on social science (pp. 805 f.). 

Soda/ effects of mass-production 

The economic and social effect of the growth of mass- 
production industries was felt mostly in transport and light 
industry. Once motor vehicles, particularly cars and light 
lorries, were available in large numbers the process that began 
in the railway age was completed, and the countryside as well 
as the towns was made accessible to goods and passengers. 
This had immediate economic consequences on the market 
but even greater social ones in spreading the towns into the 
country and turning most industrial regions into vast suburbs. 
At the same time the use of mass-produced agricultural 
machinery, especially the tractor and combine, has drastically 
lowered the need for large numbers of women and children on 
the land. This has helped to break down local particularism 
and must needs have a levelling effect, increasing always with 
time, not only locally but between countries and even continents. 
It docs not necessarily lead to greater international under¬ 
standing, but it tends to turn national into class issues. The 
awakening of Asia and Africa is facilitated by the introduction 
of the bus and the bicycle. 

Once mass-production was well established in the motor 
industry it tended to spread to other industries, notably to the 
new electrical industry. It also accelerated the process of 
converting the minor textile and food industries, previously 
carried out in the home, into large-scale industries providing 
the market with standardized and packeted consumer goods. 
The mere concentration of such processes into factories in itself 
gives rise to scientific problems of quality control and the adapta¬ 
tion of small-scale techniques to large-scale production. Thus 
new fields of scientific study concerned with the properties of 
materials such as plasticity and rheology^ or the science of flow 
of such substances as pitch or concrete, and with the regulation 
of processes, are brought into activity. The new sciences 
contributed in turn to the rationalization of techniques 
quite outside the fields that gave rise to them. By the mid¬ 
century at least a tincture of science was given to all the 
traditional industries even in their last stronghold, the domestic 
kitchen. 
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Building: concute and prefabrication 
Only less spectacular than mass-production has been the 
twentieth-century advance in permanent construction, due to 
the increasingly intelligent use of steel and concrete. In itself 
the use of steel is less revolutionary; the steel-framed sky¬ 
scraper is only the medieval building on a larger scale, and 
represents in any case a fantastic waste of steel. Far more 
significant was the introduction of reinforced concrete first used by 
Monier as far back as 1868, but only coming into its own in 
the twenties. Here a rational combination is sought between 
the mass and compressive strength of the concrete and the 
tensile strength of the steel. The further logical step taken 
by de Freysinnet in 1928 was to put the steel under tension, 
and thus produce, in pre-stressedconcrete^ a material hardly inferior 
to steel in lightness and resilience. The use of reinforced 
concrete has vastly increased the dimensions of man’s structures 
in relation to Nature^, as buildings^ roads, and dams bear 
witness. Combined with heavy mechanical excavating and 
dredging plant, it has effectively given man the power to alter 
on an ever-increasing scale unfavourable geographical features, 
to divert rivers, and cut through mountains (p. 677). At the 
same time a long-delayed revolution is taking place in the age- 
old tradition of building, where instead of building up brick by 
brick and finishing by hand on the spot, more and more units of 
building are prefahricated and building itself becomes essentially 
a mechanically assisted assembly process. This development 
has been slow and still faces immense resistance, but it is coming 
at last, under the pressure of the need for convenient and cheap 
dwelling space. The problem is, however, more than a 
technical one. Houses are part of mankind’s whole pattern 
of living, and to reconcile tradition and efficiency will call on 
the highest abilities of architects and engineers. 

10 .^—CHEMICAL INDUSTRY 

The chemical industry is second only to the electrical 
industry in the degree to which it has been transformed by 
science in the present century. As a result it has become the 
central industry of modern civilization, tending, because of 
its control over materials, to spread into, and ultimately 
incorporate, older industries such as mining, smelting, 
oil-refining, textiles, rubber, building, and even, through its 
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concern with fertilizers and food processing, agriculture 
itself. 

The entry not only of chemistiy but to an increasing degree 
also of physics into the chemical industry has here led to a 
radical break with the dirty, back-yard chemical industry of 
the early nineteenth century. Reliance on mere modification 
and increase in scale of traditional chemical operations is 
giving way to a consciously designed chemical plant, applying 
in a calculated way the results of the laboratory to lulJ-scaJe 
operations. Such operations require a control quite different 
from that of the old chemistSj one depending on the use of 
instruments rather than experience and rule-of-thumb methods. 
It has created the new profession of the chemical engineer, while 
the physical chemist and ultimately the physicist are also 
coming to play a direct part in chemical industry. 

Continuous-flow methods, catalysis^ and the synthetic approach 
The two great features that distinguish twentieth-century 
from nineteenth-century chemical practice are the use of 
continuous-flow methods and of catalysts. The use of continuous- 
flow processes instead of batches was the chemical equivalent 
of the assembly line, and indeed long preceded it. This in¬ 
volves a much more complete control of every stage, and 
consequently increases the importance of the use of physical 
methods of instrumentation and automatic control. The other 
great development, which is only now beginning to show its 
full power, has been the use of catalysis on a mass scale. 
Catalytic processes arc old in chemistry, but the modern use 
of catalysis, especially in relation to oil and gas chemistry, is 
essentially so different in scale as to constitute a new era in 
chemistry. Purification and modification of chemicals are 
giving way to radical syntheses. 

In the past chemical products have been made from natural 
products by a process of separation and transformation. In 
an extreme case like that of coal, a highly complex natural 
product is broken down step by step by distillation and then 
sorted out into its many by-products, which in turn may be 
transformed into more valuable chemicals. In contrast to 
this, modern practice, starting with the same or similar 
materials, makes no attempt to separate existing compounds, 
but breaks everything down to the simplest compounds or 
even the elements—the new universal materials of chemistry 
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are diatomic molecules such as hydrogen, carbon monoxide, 
oxygen, and nitrogen. From them, by the use of catalysts, 
are made all the old and new products of chemistry, especially 
the products formerly obtained from Nature, but now re¬ 
quired in larger quantities and in greater purity than Nature 
will provide, such as high-performance fuels, artificial rubbers, 
and the great variety of plastics and fibres. 

Polymers and plastics 

All these substances, except the fuels of low molecular 
weight, are what arc called polymers^ necklaces of molecules 
automatically strung together by a chain reaction, usually 
induced by a catalyst. In a polymerization chain reaction, in 
contrast to the violently dissipative chain reactions of com¬ 
bustion or nuclear fission, each new section added to the 
molecule makes a further addition possible. If molecules are 
added in one dimension the result is a fibre, if in many branched 
chains a resin or so-called plastic. The unravelling of the 
mechanism of chain reactions and of polymerization by such 
chemists as Semyonoff and Melville marks one of the most 
significant chemical advances of the century. Their use has 
given rise to a whole new chemical industry—that of artificial 
fibres and plastics. Many of them, like nylon and perspex, are 
now household words, though thirty years ago they were not 
even thought of. In the formation and processing of polymers 
the new rational chemistry, aided by such physical instruments 
as viscometers and X-ray cameras, is penetrating into the 
industrial field. The strength and elasticity of the fibre, its 
durability and suitability for dyes, can now all be made to 
specification. This is because the mechanism relating this 
performance to the molecular structure is beginning to be 
understood. The necessities of war had a decisive effect in 
speeding the development of the new chemical industry. The 
great synthetic rubber industry of the United States was built 
up in two years to serve the gigantic needs of modern war. 
This would have seemed inconceivable in peace-time, but the 
essential difficulties had always been financial rather than 
technical. 

Molecules made to order 

The era of polymers and plastics is only beginning, and they 
themselves are only the first examples of materials made to 
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Specification, What has happened in industrial chemistry is 
that by the application of science^ particularly physics, it is 
becoming possible to equal and to surpass the natural products 
in performance and cheapness. The chemical industry, which 
as we have seen was brought into being largely by the textile 
industry, now seems set to replace it, at least as far as the 
production of fibres is concerned. This does not imply by any 
means that the factory will replace the farm, but it does mean 
that in future mines, farms, factories, and laboratories must be 
linked in one complex chemical production flow-sheet in which 
molecules arc taken in the forms cheapest to produce and 
embodied in materials and articles capable of best satisfying 
human needs. 

A scientijic chemical industry 

The degree to which this has already been achieved is one 
sign that the chemical industry has become a truly scientific 
one, with an importance comparable only to that of the 
electrical industry. The difference between these two in¬ 
dustries is that while the electrical industry was scientific in 
its very inception, arising entirely out of the eighteenth and 
nineteenth centuries’ discoveries of electricity, the chemical 
industry has had to achieve a change-over from the most 
ancient traditional procedure to one based on a rational 
approach to the solution of definable problems. In both 
cases therefore the demand for scientists at all levels for future 
research, development, and production is greater than that of 
all the other traditional industries, not excepting the heavy 
and engineering industries. In fact, something like three- 
quarters of all scientific workers in industry are in the electrical 
or chemical industries. 

The fine chemical industry 

Quantitatively, by far the greater amount of production in 
chemistry is in heavy chemicals and plastics, and is achieved 
increasingly by automatically controlled synthetic processes. 
Qualitatively even more important, at any rate for the future, 
is the fine chemical industry, which is tending more and more 
to become part of the new biology. The chemical techniques 
evolved in the latter part of the nineteenth century to deal 
with the commercially valuable dyes have now been very 
largely switched in the direction of the study of substances of 
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biological importance, first in research and then very rapidly 
for full-scale use in medicine or agriculture. The scientific 
situation in biochemistry will be dealt with in Chapter ii. 
From the chemical point of view it is sufficient to say that the 
subject shows all the signs of being in its earliest and most 
rapidly developing phase. 

Social need and scientific planning 

The advances of biochemistry and chemotherapy have, 
however, shown that on this side science is going to be more 
immediately effective in human affairs than it has ever been 
in the past. The whole world can be changed more quickly 
now by some chemical discovery, such as that of paludrin for 
the treatment of malaria, or atricide for nagana, than by the 
addition of the energy of all the uranium in the world. This 
fact makes the relative development of different branches of 
science a matter of urgent public concern. It can no longer 
be left to the personal inclinations and unaided efforts of 
individual scientists, often working in ignorance of the wider 
implications of their subjects, to develop this or that field at 
their pleasure, when the difference between developing one or 
the other may be a matter of life or death for hundreds of 
millions of people. This does not mean a need so much for 
directing scientists, but rather for a better system of scientific 
education adapted to a society consciously aimed at securing 
the maximum human welfare. 

10 ,^—NATURAL RESOURCES 
Power) soilj and minerals 

Nowhere does the need for such a comprehensive view 
appear more clearly than in the use of the natural resources 
of our planet—rock and soil, water, air, and sunshine. These 
are the fields of the earth sciences which, though themselves 
engendered by man’s experience in extracting natural riches 
(pp. 465 f.),®’^® have remained until very recently largely 
descriptive and interpretative sciences. What has happened has 
been a haphazard and wasteful exploitation of mineral wealth, 
coupled with an even more dangerous interference with soil and 
vegetation. Until the present century this waste and destruction 
was limited and local. Now the increasing scale and power of 
machinery, and the even more rapid increase in the utilization 
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of fuels and metals, threaten to destroy irreparably the slowly 
accumulated natural stocks of the whole planet. 

So far, under capitalism, only ignorance has served to 
protect them. An earth which is private property, divided 
into spheres of interest of monopoly combines, whose interest 
may here dictate the wasteful and ruthless extraction of a 
natural resource to make quick profits out of low wages, and 
then refuse to develop it at all for fear of increasing supply 
and lowering prices and profits, cannot be known scientifically 
or used rationally. Actually, all over the so-called free world, 
knowledge of natural resources is limited to spotty prospecting 
carried out by companies, and to gentlemanly and extremely 
parsimonious official surveys carried out by governments 
deeply concerned not to interfere with private interests. Before 
the war they had discovered only a very small fraction of even 
the easily accessible minerals, as is shown clearly enough by 
the rich strikes that somewhat better supported surveys have 
made since the war. 

The same lesson can be learned from the experience of the 
Soviet Union and of China. There the known natural 
resources, revealed by intensive surveys manned by rapidly 
expanded scientific teams, have increased far beyond the most 
optimistic of earlier predictions. c.igg There also the study 
of natural resources is closely linked to their utilization. It is 
now becoming apparent that the raw resources of Nature are 
not things merely there, to be ignored or picked up as such, but 
are calling out for integral human control. The mineral 
wealth, the water supply, the biological possibilities of the soil, 
the capacities of its inhabitants, are not something given and 
unalterable, but need to be transformed in a way that will 
secure not only the best use of each but also the best com¬ 
bination of all. In this. Nature has not only to be known and 
used but also to be transformed. The new mechanical, 
chemical, and biological possibilities offered by science are, as 
the experiences of the Soviet Union and of China are beginning 
to show, that rivers can be turned into chains of lakes or 
reversed, if need be ; that plains can be afforested and deserts 
reclaimed (p. 677). Man can now work on the scale of Nature, 
and so multiply the resources previously available.®*^®^ The 
transformation of Nature is necessarily as much a biological 
as a physical problem, so that fuller discussion of it is best 
deferred to the next chapter. Here it is enough to point out 
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that with the increased scale of operation it is no longer 
sufficient to limit knowledge and activity to separate localities. 
Action needs to be on a world-wide scale. Even for complete 
knowledge of any one part of the globe it is necessary to use 
observations made all over it. For the full use of science in 
making natural resources available to all^ international co¬ 
operation is more than ever necessary. 

10,^—WAR AND SCIENCE 

Unfortunately in this century^ the first in which full use could 
be made of it^ the prospects of international co-operation have 
been going from bad to worse. Wars and revolutions, and the 
threat of still more to come, have been most effective in holding 
up the advance and diverting the uses of science. 

Any attempt to deal with the growth of science and its 
relation to industry in the twentieth century must include 
explicitly the effect of war. Though, as has been shown 
(pp. 158, 237), war has had an important influence on science 
in earlier centuries and has itself been modified by science, its 
effect has now become of an altogether different order. Many 
circumstances have combined in our time to make this so. 
The earlier applications of science to productive processes have 
contributed strongly to the economic and political unbalance 
which has given rise to the imperialism, crises, and wars of our 
century. Ten years have been spent in actual hostilities, in 
which the whole effort of industrial countries has been turned 
to perfecting, developing, and manufacturing new weapons, 
and at least twenty more in preparation for war, wherein the 
same activities are carried out at a slightly slower pace. The 
physical results of this are for everyone to see, at least in the 
old world, in the utter destruction of scores of cities that had 
taken centuries to build, in the less obvious but far more 
crippling and lasting human losses, and perhaps worst of all 
in the mentality that has been schooled to regard all these things 
as inevitable. 

Destructive weapons 

The means by which this destruction was effected were 
largely scientific. Even before the atomic bomb, thousands 
of scientists had been employed and tens of millions of pounds 
had been spent by governments on perfecting aeroplanes, 
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bombs, and radar navigation, to say nothing of the lethal 
improvements of older weapons. It is now abundantly clear 
that the use of physical science in this way has already done 
enough damage to hold up civilization for decades, and is 
capable, if pressed forward as it is being at an accelerated pace, 
of wiping out all life over much of the earth. The threat of 
the hydrogen bomb has brought that home to the whole world. 

Potential utility of military equipment 
The experience of war science points, however, equally 
strongly to a different and far more hopeful conclusion. The 
very urgency of the needs of war has shown how much more 
rapidly physical science can be pressed forward and applied 
than anyone could be induced to believe in peace-time. Now 
the utilization of science, even in war itself, has been only to 
a minor extent for exclusively combatant purposes. Most of it 
consists in satisfying the same needs as exist in civil life, but 
doing so without delays and without regard to cost. The 
major technical developments in war arc in the fields of com¬ 
munication, transport, and production. The walkie-talkie, 
the bulldozer, the DUKW, and the jeep are just as character¬ 
istic of the Second World War as the self-propelled gun, the 
super-fortress, and the atom bomb itself. The reconstruction 
of the world, and the extension of civilization to previously 
barren regions, can be achieved far more rapidly with these 
simple and useful devices than was ever thought possible before. 
DDT and penicillin, though not themselves originated by war 
research, have been developed and used to an extent that 
would have been impossible had the war not taken place. 

Even in the development of weapons themselves, the method 
of application of science may be essentially the same in peace 
and war, except that in capitalist countries it is pushed for¬ 
ward in full vigour only under the impetus of the fears of loss 
and hopes of profit that war alone can bring. It is also only 
in war that a high degree of planning and consideration of 
over-all effects can be reached. All these aspects are apparent 
in the cardinal scientific developments of the Second World 
War, notably in that of radar. 

Lessons of the atom bomb 

The supreme example of the production, exclusively for 
war purposes, of a scientific discovery within the hitherto 
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incredibly short space of three years was the atom bomb. As 
a scientific and industrial enterprise this development repre¬ 
sents the most concentrated and, in absolute figures, the greatest 
scientific technical effort in the whole of human history. In 
fact the sum spent on the atomic project, some £500 million, 
is much more than had been spent on the whole of scientific 
research and development since the beginning of time. 

Under any rational system of the utilization of science, on the 
other hand, atomic fission would have been the centre of the 
most intense development, leading to its use for the production 
of power and for the other uses to which the products of the pile 
could be put. 

Actually, as we all know, it was developed for a different 
purpose, that of producing a bomb and wantonly killing at 
Hiroshima 60,000 and at Nagasaki 39,000 people. This act 
had no military justification. Even in the official Report on 
the Pacific War we find the statement: 

. . . Based on a detailed investigation of all the facts, 
and supported by the testimony of the surviving Japanese 
leaders involved, it is the Survey’s opinion that certainly 
prior to the 31st December, 1945, Japan would have sur¬ 
rendered even if the atomic bombs had not been dropped, 
even if Russia had not entered the war, and even if no 
invasion had been planned or contemplated.®-^®’ 

The very existence of the atom bomb, the threat of its use by 
the United States against its former allies, the tragic farce of 
spies and secrets that were no secrets, have done more than any 
other products of science to embitter international relations and 
to spread terror and despair through the world. The most 
tragic example of this has been the trial and execution of the 
Rosenbergs, victims of the guilt and fear of the rulers of 
America in regard to their own creation. Jacques Monod, in 
his letter to the American Bulletin of the Atomic Scientists^ put the 
case as it appeared to liberal French scientists: 

. . . Even if the Rosenbergs actually performed the acts 
with which they were charged, we were shocked at a death 
sentence pronounced in time of peace, for actions com¬ 
mitted, it is true, in time of war, but a war in which Russia 
was an ally, not an enemy, of the United States. ... In 
fact the severity of the sentence . . . appeared out of all 
measure and reason to such an extent as to cast doubt on 
the whole affair, and to suggest that nationalist passions 
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and pressure from an inflamed public opinion, had been 
strong enough to distort the proper administration of 
justice. 

Since then the development of the hydrogen bomb has added 
to the hysteria and spy mania, which now spares no one, as the 
Oppenheimer case shows. 

The immediate effects of atomic-bomb developments in the 
post-war period have also been great. In the United States 
particularly^ the influence of the Atomic Energy Commission 
has been to divert research in an altogether unbalanced way 
in the direction of nuclear studies.^*^® 

The whole subsequent history, the involved and till now 
futile discussion on the abolition of the bomb and on the 
control of atomic energy, brings out as never before the key 
role of physical science in international politics.®*^^’ To this 
aspect we shall return later. Here it is sufficient to emphasize 
the new kind of large-scale industrial en terprise that has grown 
around atom-bomb production, implying a closer partnership 
than ever by monopoly electrical and chemical combines 
with the military and the Government, by which, without any 
risk to themselv(‘s, the firms can draw ever vaster sums from 
the Treasury. The proposals to extend the same system to 
Britain, embodied in the Atomic Energy Act, and the dis¬ 
missal of Joliot Curie from the commissionership of atomic 
energy in France, show the tendency in all capitalist countries 
to bring the new forces revealed by science into the service of 
profit and war. 

And yet atomic energy is of enormous potential value for 
human welfare. The history of the atom bomb also carries 
the lesson that even in the orbit of capitalism, under the threat 
of war, such a great enterprise co-ordinating different sciences 
and techniques can be put through on a planned basis. This 
furnishes an undeniable proof of what science could do, if it 
were strategically applied to the satisfaction of human needs 
rather than to purposes of destruction. 

Guided missiles 

The atom bomb was the most destructive use of science in 
the service of war, and it also made use of the most radically 
new developments of science, but it was not the only develop¬ 
ment of crucial importance. Of comparable significance 
were the applications in radiation physics and information 
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theory, exemplified in tele-communications, radar, servo- 
controlled gunnery, proximity fuses, guided and homing 
missiles that came into service towards the end of the war, and 
have been intensively developed ever since. The principles 
underlying these developments have already been discussed 
(PP- 542 f-)- Here it is only necessary to point out how much 
radio and electronic research was speeded up in the war effort, 
and how military requirements for light, compact, and above 
all expendable equipment transformed the manufacture of 
components and led to miniaturization, culminating after the 
war in the minute transistor taking the place of the bulky 
valve. 

Scientific and inhuman warfare 

The ultimate purpose of the introduction of electronic 
control and direction into weapons is to remove the human 
clement in warfare still farther from the actual combat zone, 
or more crudely to ensure the safety of the weapon wicldcr by 
keeping him well away from the results of his work and from 
immediate retaliation. The use of such weapons does not, 
in fact, make war any more humane. Far more physical pain 
and suffering were caused in a shorter time to more people 
by the Americans and their allies in Korea by the use of high 
explosive and napalm^*®® than in any comparable war in the 
past. These weapons do, however, add enormously to the 
cost of warfare, and limit the ability of waging war to highly 
industrialized States making full use of science or to their less 
highly industrialized and more expendable clients. Further, 
the great gap between action and result fosters the irresponsi¬ 
bility of modern warfare, which in its thoughtlessness rivals in 
reality the deliberate cruelty of earlier ages. Professor Nef in 
his War and Human Progress presents a well-documented 
history of the progressive degradation of decent behaviour in 
warfare, keeping step with the improvement of lethal weapons. 
Push-button war permits well-meaning and apparently civilized 
men to perpetrate with a clear conscience the most ghastly 
massacres, the effects of which they never see. 

Even more dangerous is the belief in the efficacy of push¬ 
button war, for it is in this belief that aggressive or so-called 
preventive war is lightly entered into. The Trenchard- 
Douhet theory of winning wars by destruction of enemy war 
potential by strategic mass bombing was responsible for most of 
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the devastation of the Second World War without producing 
any decisive strategic advantage. German war production 
actually increased under intensive British and American 
bombing.®-^® Despite this the idea is more prevalent than 
ever. Armed with the atom or hydrogen bomb and guided 
weapons, some dangerous lunatics in high places reckon on 
winning World War III in a few hours or days. Misplaced 
confidence in that belief may well touch it off. As an example 
of the homicidal folly of the military scientist it is only necessary 
to refer to Vannevar Bush’s Modern Arms and Free Here 

he demonstrates most rationally that the new defensive weapons, 
more especially guided and homing interceptor rockets touched 
off by radar screens, are more than a match for the bomber, 
even the atomic bomber. What therefore should America 
do? Call off the war preparations and negotiate on a live- 
and-let-live basis? By no means. Spend vast sums on a jet- 
proof defence system? Not even that. No, it is that “ the 
major effort should go into bombs and their delivery,” we should 
build up a “ retaliation ” striking force which should be “ ready 
and straining at the leash . . . ready to go into full unhesitating 
action at a few hours notice.” The pious assurance is naturally 
given that such a force could never be used aggressively by a 
true democracy, but it is doubtful whether, with the experience 
of MacArthur to go on, this would reassure anyone, particularly 
as anything that could be deemed to be an attack on any of 
the allies would be held to justify letting the atom bombs loose. 

The implicit logic, crazier than that which drove Forrestal 
to his death, is simply this. “ We, with our monopoly of 
scientific warfare, can defend ourselves against any attack but 
they could never do so. Therefore let us hit them with 
impunity.” If a scientist can argue in this way what can we 
expect from the politicians or the military, though here some 
relic of war experience may suggest caution ? Weapons alone 
cannot win wars, as Korea has already shown. 

Operational research 

It was not only in the field of production of weapons that the 
experience of the war was to add to the range of action of the 
physical sciences. For the first time, in war, the work of the 
scientist took him from a consideration of the weapons to that 
of their uses on the field of battle. From the result of these 
studies it was almost inevitable to go on to the scientific treat- 
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merit in observation and experiment of actual military opera¬ 
tions, on land and sea and in the air. Operational research has 
been defined as “ the use of scientific method, particularly 
that of measurement, to arrive at decisions on which executive 
action can be based/’ It was used extensively and often 
decisively, for example in the anti-submarine campaign,®-^® 
by the British and later by the American forces; it was not 
used by the Germans, and this omission contributed to their 
defeat, both in their failure to find counters to enemy weapons 
and in their expending disproportionate efforts on weapons 
which operational research would have shown to be useless. 

The Soviet armies did not, as far as we know, use any 
separate corps of operational research. This would not have 
been necessary for them, for owing to the radically different 
class composition, training, and traditions of the Red Army, 
science was from the start an implicit part of their operational 
training and action. The achievements of that army both in 
the production of superior weapons, old and new—tanks, 
guns, and rockets—and in their use in the field show the degree 
to which science can be used in warfare, flexibly and with 
imagination. It is usually forgotten that the use of paratroops, 
now thought of as an invaluable adjunct of attacking forces, 
was a Soviet innovation and was thoroughly ridiculed by our 
military experts when it was first tried out. The use of massed 
rocket fire in the field, the so-called “ Katusha,” is also a 
Soviet innovation. 

It was only in its inception that operational research was 
exclusively confined to the physical sciences. Because it started 
with such gadgets as radar and bomb-sights, operational re¬ 
search men tended to be physicists. Essentially, however, the 
method was one of human organization, and will be treated as 
such in Chapter 14. Its importance in this context is that it 
was the first way in which physical science, engineering, and 
full-scale practice were joined together in one conscious 
common discipline which has far wider implications than those 
of war, particularly for industrial production. 

Effects of war on science and scientists 

The enormous change in the status and place of science 
brought about by the Second World War has already been 
alluded to. It is primarily physical science that has been 
affected, because it was the most advanced and the most closely 
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linked W\{\\ and industry. It was especially in pliysics 
that the war led to the greatest interruption in Britain and 
America. Most academic laboratories were closed or turned 
over to war uses, and the most brilliant men occupied them¬ 
selves with problems which had no relation to their previous 
work. The enormous importance which the war gave to 
physical science, mainly in relation to atomic energy and 
electronics, has lasted into the post-war period. This has 
meant, particularly in the United States, a great expansion of 
physical research and its equipping with vast and expensive 
apparatus such as experimental piles, synchrotrons, and 
electronic calculators. 

The dominance of military science 

Now these and the general scale of the work arc entirely 
beyond the scope of even the wealthiest universities, or even of 
industrial firms, and they can therefore only be found either in 
special government laboratories or in government-subsidized 
university and industrial laboratories. Actually, both methods 
have been followed, with the results that government labora¬ 
tories have come to rival universities for post-graduate work, 
and university physics departments have become annexes to 
government contract schemes inside them. In itself this would 
do little harm and might do good, by bringing universities more 
into contact with contemporary engineering practice, were it 
not for the fact that all this research is supported ultimately 
for its future military value. The effects of war have been to 
consolidate still further the predominance of government and 
monopoly control of physical science. This control takes 
different forms in the different capitalist countries. In the 
United States, where it has developed farthest, the university 
research departments have come to depend entirely on 
donations from big firms or contracts from government 
departments, predominantly military. These subventions are 
not without disadvantages, as the following quotation shows: 

Woe to the university accepting research contracts from 
the military services or the AEG ! Their staffs and 
fellows are immediately submitted to the same thought 
control and FBI surveillance which permeate the entire 
atom bomb business, even if their tasks have no direct 
connection with weapons. Once this virus is implanted 
on the campus, it begins to infect the entire body of 
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academic freedoms. At the University of California, for 
example, all teachers in every department were required 
on pain of being dismissed to sign a ‘‘ loyalty oath and a 
special sworn statement affirming they were never Com¬ 
munists 3 . designation increasingly applied to anyone 
with progressive ideas.®*®^ 

Control by the AEC and the military departments of 
basic apparatus, with large funds for contract research and 
fellowship programmes, affects the scientific potential as a 
whole, and especially the source of scientific training at the 
universities. An entire generation of young scientists is 
being raised for weapons research, in the atmosphere of a 
police barracks.®-^ 

From the outset all work of an atomic character was subject 
to security restrictions. This has since 1950 spread to other 
fields. This goes much farther than mere control over research 
results which might be of military value; it affects the whole 
life and thought of all university staffs. It implies loyalty ” 
oaths under conditions where refusal to swear means dismissal, 
and swearing puts the teacher at the mercy of any informer 
who may allege his connection with any of a host of subversive 
organizations or mere guilt by association. Already in 1948 
Professor R. E. Cushman of Cornell University wrote: 

There are numerous cases in which men of well- 
established scientific reputation, known and trusted by their 
colleagues for many years, have been summarily dis¬ 
missed from the Government service, and after as much as 
two years arc still unable to find out what accusations were 
made against them. The scientists themselves are much 
disturbed by this whole situation. They feel that the 
scientific work of the Government is bound to be impaired 
by the withdrawal from their service of many of our best 
scientists who refuse to subject themselves to the risks of 
what they regard as humiliating and arbitrary treat¬ 
ment. 

This has reached a culminating point in the attack on Dr 
Robert Oppenheimer, the scientist responsible for the actual 
construction of the atom bomb. The effect of this atmosphere 
on new generations of scientists is to discourage any indepen¬ 
dence of thought, indeed of any thought outside the particular 
narrow scientific speciality. 

In Britain the share of government rather than of universities 
ill military science is much greater, and strictly secret research 
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is almost, though not entirely, confined to government labora¬ 
tories. The connection with big business is also far more 
mdiiect, and the finance of the universities, though it conies 
mainly from the Treasury, is administered by university men. 
In this way the grossest evils of the militarization of science are 
avoided, but at a cost of cutting down the development of 
research. Further, the influence of thought control is exercised 
in a way much more subtle than in America, but one more 
difficult to react against. Teachers arc rarely dismissed for 
their political opinions, they are merely not appointed to 
important posts if their views are regarded as not sound. As 
Sir Walter Moberley put it in his Crisis in the Universities, 1949: 

We reject the policy of conserving this orientation by any 
kind of formal ‘‘ tests ” or terms of subscription. But some 
legitimate regard for it may be had in making appoint¬ 
ments, and particularly key appointments. There is a 
place and a use within the university for a dissenter even 
m fundamentals, but it is marginal rather than central.®* 

As an actual example of this policy, one of the most dis¬ 
tinguished of British physicists has been quietly prevented from 
becoming head of any physics department, on account of his 
political opinions. The result of this discreet policy has been 
to reinforce with complacency British spiritual and political 
unadventurousness, without provoking resistance to a repressive 
system whose hand is never shown, but whose presence every¬ 
where is tacitly admitted. There is an inevitable increase 
in cautious avoidance of dangerous thoughts and guilt by 
association. 

In France the situation is again different. Here a large 
proportion of scientists, particularly of physicists, have been 
through the experience of the Nazi terror and of the Resistance. 
Joliot Curie, who was considered too unpatriotic to continue 
as High Commissioner for Atomic Energy because he said that 
atomic energy should never be used for war, was a noted 
Resistance leader. In 1943^ just before he went on the run, his 
institute was making bombs in the cellar and secret wireless 
sets in the attic, despite the efforts of the Gestapo agents in 
occupation of the laboratory. This experience makes French 
scientists less inclined than British ones to accept the American 
thesis of the Cold War, as the almost universal reaction to the 
Rosenberg case demonstrates. Ineffective, though costly, 
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defence research establishments are maintained and university 
research is simply starved. French scientists of ability^ des¬ 
pairing of any scope for their gifts, are tempted to the United 
States, but there are very few whose anti-Fascist associations 
do not debar them from settling in the land of liberty. 

In the rest of the “ free ” world, with the exception of the 
happy lands of Scandinavia and Switzerland, the effects of 
the militarization of science are even worse. Rearmament and 
reaction between them have blighted science, and the great 
talents and traditions of the European peoples lie buried. 

Not only inside each country but also between countries do 
the consequences of the Cold War hamper and even cripple 
science. Currency and visa restrictions, products of the 
strained economic and political situation, confine most scientists 
to their native countries and the international flow of scientific 
information is reduced to a trickle. Scientific congresses still 
take place, but under ever-increasing restrictions. If they are 
held in the United States whole groups of European scientists are 
barred from attendance, if held in certain European countries 
US citizens are refused passports. By making science a secret 
weapon its free international character is fatally compromised. 
The wider consequences of this will be dealt with in Chapter 14. 

The cost of military research 

The bitter fact remains that, to a degree unimagined before, 
physical research in capitalist countries is becoming dominated 
by military demands. In the applications of research the mili¬ 
tary aspect is even more prominent. The amounts devoted to 
specifically military research and development in the United 
States and Britain are now many times greater than those spent 
before the War, as the following table shows: 

Expenditure on Research and Development 


{£ millions) 


1 

Industrial 

Government 

Civil 

Military 

*937 

*949 

*953 

*937 

*949 

*953 

*937 

*949 

*953 

USA 

Britain 

61 

3 

325 

32 

660 

50 

20 

3 

43 

*7 

26 

5 

*•5 


7*0 

208 


The post-war expenditures completely dwarf those for civil 
research and development over the same period. How the 
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money is spent it is more difficult to say in view of the cloak of 
secrecy that surrounds it. It is probable that the lion’s share 
goes to armaments firms, including chemical and engineering, 
for new substances and component mechanisms. An alto¬ 
gether disproportionate amount is likely to be spent on the 
development of mass-destruction weapons and of means for 
projecting and controlling them over large distances. It may 
well be that the money is largely wasted, as is the habit in 
military establishments, with their predilection for full-scale 
trials from which very little can be learned and with their 
immunity on the grounds of “ security ” from scientific or 
economic checks.The intellectual quality of the present 
personnel, screened and purged to eliminate any with courage 
or independence of thought, is not likely to be high. It might 
therefore be argued that not much is lost to fundamental 
science. Nevertheless the potential loss is enormous. 

The hundreds of millions of pounds or thousands of millions 
of dollars which have been made available to military research 
indicate clearly enough what could be enjoyed by civil science 
under a saner system. It would in fact, if wisely distributed 
between education, research, and development, completely 
transform the situation for science and make possible an 
enormous leap forward in the speed and value of its applica¬ 
tion to the satisfaction of human needs. Such a use of science 
in a capitalist society, however, is hardly to be expected. 
The reasons will be discussed in Chapter 14; it is sufiicient to 
say here that while government-sponsored research for peace 
interferes with the exploitation of the consumer by private or 
monopoly industry; government-sponsored research for war 
brings them development contracts and ensures profits without 
risks. 

For the same reason the major lesson of the War for science— 
the value of strategic planning—cannot be transferred to peace¬ 
time conditions (pp. 805 f.).^*^ What the War showed was that 
it was possible to sort out problems, even fundamental prob¬ 
lems, over the whole field of the War effort and to give them 
some order of priority. This was done in relation both to the 
importance of solving them and to the chances of getting them 
solved in a reasonable time, taking account all the while of 
the qualifications, personalities, and interests of the scientists 
available from each discipline. Some such strategy and planning 
in peace-time science is needed now more than ever before, but 

586 



THE TWiySTTIETH CENTURY 

whether it can be achieved is not a problem of physical science 
but of society itself, the discussion of which must be left until 
the fields of biological and social science have been surveyed. 

10 ,10—THE FUTURE OF THE PHYSICAL SCIENCES 

Before passing on to these fields it is worth while to examine 
for a moment what the future may hold for the physical 
sciences and for the productive industries with which they are 
so closely linked, and to consider the contribution that the 
physical sciences may make to the thought and culture of the 
coming years. Social and economic factors may, and indeed 
in the last resort must, control the over-all speed with which 
science and industry advance. They may also, though to a 
lesser extent, determine the direction or distribution among the 
sciences of the total scientific effort. Nevertheless it remains 
true that science and industry can only proceed in the short run 
on the basis of existing equipment and ideas. Revolutionary 
discoveries and theories may quite unpredictably alter this 
picture, but not all over or all at once, as is easily seen by con¬ 
sidering the time it took for the quantum theory to make 
itself felt. Even atomic fission, for all the billions of dollars 
spent on it, has made as yet little overall difference to the 
course of physics. 

Nevertheless it would be idle to attempt to forecast separately 
the future of fundamental and applied science. The com¬ 
bination of research and development in physical science is 
bound to become ever closer, with the role of fundamental 
science ever increasing. Engineering is in process of being 
rapidly transformed by the sciences that brought it into being 
three centuries ago. 

The lead in technological change will henceforth remain 
with science. The era of rule-of-thumb change is over. 
Further, the rate of transfer between discovery and production 
is itself rapidly increasing. In every field of physical science 
each new scientific development is likely to be embodied within 
a few months in practice, and new practical experience will 
react back, though usually not quite as quickly, to provide 
fundamental science with new instruments and new problems. 

Another aspect of the same general tendency to coherence 
is the increasing interrelatedness of the different scientific 
disciplines, reaching in fact far beyond the physical sciences 
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into the region of the biological and social sciences. With 
it goes an ever greater need to understand the whole pattern 
of scientific and technical effort, so that it may be able to 
organize itself in a strategic advance and not be dissipated in 
unconnected raids into the unknown. 

To turn from these general aspects to particular develop¬ 
ments, it is possible, without making any attempt at detailed 
prediction, to point out some marked trends along which 
notable advances and applications may reasonably be expected. 
This is not to say that the most exciting discoveries will be along 
these lines, the very admission of their being exciting presumes 
their unpredictability. With a given effort of science we may 
be certain that they will occur, but where or when we have no 
means of knowing. Certain fields rich in recent discoveries 
may for the time being be worked out, others where scientists 
have marked time for decades may be on the verge of revolu¬ 
tionary changes. Nevertheless, experience of advances in the 
recent past may not go for nothing in predicting the near future. 

The future of nuclear physics 

In view of its intrinsic importance, the nature of fundamental 
particles and their interaction in low- and high-speed en¬ 
counters and in more or less stable nuclei takes pride of place 
in physics. If we add to this its immediate military im¬ 
portance and its possible later exploitation for industrial 
purposes and the billions of dollars spent in such research, it is 
here that we can expect the greatest advances. The very 
confused and self-contradictory state of particle and nuclear 
physics is a sign that a new and comprehensive theory may 
emerge. Indeed it is already long overdue. The practical 
consequences of nuclear physics are, for the present, largely 
locked up in bombs and poisons that we must strive to see are 
never used. In a sane world atomic energy will find its place 
not as a substitute for all other sources of energy, but rather 
in supplementing them where coal and water-power are too far 
away. The over-all scale of atomic energy products means 
that from the start they must be national enterprises. Even 
now, when it is being used for purely military purposes and is 
a sink rather than a source of energy, the US Atomic Energy 
Commission is using more power than the whole of Britain 
produces. 

The power developed from atomic reactions—now from 
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fission reactions and later from thermonuclear reactions, like 
the sun or the hydrogen bomb—is itself merely one product, 
and not necessarily the most important of their uses. Heat for 
chemical industry and domestic use, direct chemical reactions, 
such as strengthening polymers and the production of useful 
isotopes, are derivable at the same time, so that to use nuclear 
energy fully implies the organization of large industrial com¬ 
plexes impossible, except for military purposes, outside a 
socialist economy. 

How long it will be before such developments occur is more a 
political and economic than a technical or scientific question. 
Certainly it will be very difficult, though not in principle im¬ 
possible, to control the emission of the extremely high tem¬ 
perature thermonuclear reactions. Even before that is done, 
however, the need for energy of under-developed countries 
will ensure some development, particularly since the Soviet 
Union has taken the lead. Before we can hope to get full-scale 
use of atomic energy it will be necessary to put a stop to bomb 
production and the Gold War. 

Understanding, exploring^ and utilizing the universe 

One very clear trend in modern physics, much enhanced by 
the study of the atomic nucleus and cosmic rays, is a renewed 
interest in the outer universe, planets, stars, and galaxies. 
That interest is likely to be increased and intensified as the 
possibilities of reaching beyond our own planet become more 
imminent. Astrophysics and cosmology, from being luxury 
sciences, already seem to touch the core of high energy physics, 
and their applications in geophysics and geochemistry are 
certain to be needed to get the full value out of the earth even 
if we never manage to leave it. Indeed, the understanding of 
nuclear processes demands not only an attention to the structure 
of the outer universe—relative abundance of elements, cycles of 
energy, changes in sun and stars—but also to its history. The 
entry of the historic clement into physical science completes 
the connection between it and biological and social science. 

The optical, radio, and cosmic-ray telescopes now appear 
as the look-outs for a physical exploration and colonization of 
the universe by man. Already instrument-carrying rockets 
are reaching through the outer atmosphere. Serious expedi¬ 
tions are only waiting for an end to the obsession with military 
science. A fraction of the sum spent on armaments would 
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equip several trips to the moon. The idea of space travel has 
already captured the imagination of the young. It is being 
cheaply exploited for sensational stories^ but, sooner than we 
think, what is being dreamed about will be done in reality, 
and once it is well started it will be such an absorbing adventure 
that it may well provide, to adapt William James,®*the tech¬ 
nological equivalent of war. 

The third industrial revolution 

Other branches of physics, in particular electronics, may 
soon furnish more important if less spectacular possibilities. 
Power, even nuclear power, is blind. We use energy waste- 
fully as a substitute, but an expensive one, for taking thought. 
Though the productivity per man hour has increased in the 
last decade, that per kilowatt hour has actually decreased.®* 
Merely to multiply man’s material base without improving 
efficiency and skill is to risk ruining our planet irreparably. 
The potentialities of the use of swiftly moving patterns that 
television has made familiar are far greater than any that 
power can offer. Through electronics, ingenuity and skill can 
be extended and multiplied, and the new industrial revolution 
which will finally relieve man of monotony as well as back¬ 
breaking work is already under way. 

One aspect of it is the advent of completely automatic 
factories. The change is already occurring piecemeal in the 
most-advanced mass-production industries—those of radio and 
automobiles. Components or even complete sets are being 
made from intermediates like wire and plastic powder. In the 
Soviet Union an entirely automatic piston-making plant has 
been working for some years. It not only casts and machines 
the pistons but also tests them before packing. The method is 
bound to spread on account of its great technical advantages. 
Speed will naturally be increased because the machine-controls 
are not subject to the same physiological limitations as the 
human operator. Even more important is the saving of space. 
The whole production line can be designed without the 
necessity of giving head and hand room, which at present 
causes the machinery to occupy such a small portion of the 
factory in which it is found. In a similar way electronic 
machinery can take the place of most of the automatic and 
increasingly burdensome internal and external accountancy 
involved in the control of mechanical production. Testing 
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and gauging can be taken over entirely from the fallible human 
agent. The ultimate solution for series manufacture is the 
extension to all plant of the recent trend of electrical and 
chemical plant, where the factory disappears and is supplanted 
by a complex of production flow channels spread out on the 
open land. 

Automatic factories would produce disastrous unemployment 
if introduced into the framework of capitalism. To make full 
use of them implies a rational though flexible complete pro¬ 
duction system. The general flow-sheet of all industry and 
agriculture must be maintained and continuously improved. 
This implies the use of calculating machines capable of handling 
the resulting complexity, of which our present electronic 
machines are but clumsy prototypes. The whole of economic 
life—wages, purchases, taxes, and pensions—could all be 
handled automatically, without the millions of desk slaves who 
now have to waste their lives dealing with them. 

The effect of new computational devices on mathematics, 
physics, and other sciences will, in the long run, be much 
greater. Not only will it make possible calculations hitherto 
far beyond human capacity, but it is certain to alter radically 
the whole of our thinking about quantitative methods in 
calculation in the same way as, and to a far greater extent 
than, the adoption of Arabic numerals did in the late Middle 
Ages. The new machines are no substitute for mathematical 
thought, rather should they stimulate it to new efforts (p. 548). 

Another aspect of electronics with almost unimaginable 
possibilities of extension in the future is the ability to translate 
and code any type of sensory data, of which the television set 
and the radar screen are present-day prototypes. How this 
might be linked up more directly with nerve impulses so as to 
speed up communication between minds will be touched on 
in the next chapter (p. 656). 

The new chemistry 

The outlines of a chemistry based on the structure of the 
atom have already been drawn. The task of the immediate 
future is to make this chemistry quantitative and practically 
utilizable, so that science can point the way to experience and 
not follow it. Already, even with some empirical methods, 
chemistry is acquiring a capacity for making substances to 
order, more particularly in the field of polymers. The greatest 
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value of the new refinements will be in the biological field, 
as we shall see, but sufficient can be done in the field of in¬ 
dustrial materials to produce a major revolution. Synthetic 
fibres, detergents, paints, absorptive resins are already achieved 
examples of what chemistry can do in imitating and improving 
on natural products. The next stage is the synthesis of 
materials on the basis of theory, so that they have desirable 
properties not hitherto found in Nature. 

Chemistry, as we have seen, has all through its history 
been linked to industry, or rather to the entire range of 
domestic, agricultural, and industrial processes requiring the 
production or alteration of materials. The relation, however, 
has been a casual one. From now on the whole range can be 
consciously planned and fitted together into one flow-sheet. 
It is only in this way that the limited resources of the earth can 
meet the ever-increasing needs of an industrial and scientific 
civilization. The emphasis everywhere will be on economy 
and conservation. Materials will be used not merely because 
they are on hand but because they are the best for the job. 
Atoms and molecules will no longer simply be taken up and 
thrown away, but will be called on to serve one purpose after 
another in an endless cycle. An absolute minimum, and that 
only of the more abundant elements, will be immobilized in 
structures or dissipated in air, water, or ground. The precious, 
sun-synthesized sugars embodied in timber will first be utilized 
to the full as plywood, bonded sawdust, or paper, and when 
they have served their turn be used as food for animals, either 
directly or converted by yeasts or fungi. 

The immediate prospects that are offered by the physical 
sciences are those of complete command over the region of 
experience with which we are already familiar in the ordinary 
operations of Nature, that is scientifically over all extra-nuclear 
phenomena. Before the end of the century atoms and mole¬ 
cules should be as manipulablc as were levers, cog-wheels, and 
cylinders in the nineteenth century. The task for the next 
stage is to achieve the corresponding understanding and 
control of the phenomena inside the atom which must hold far 
greater and as yet unguessed-at possibilities. 

The utilization of the physical sciences 

But it would be a grave mistake to accept such predictions 
as being merely technical and to assume that because a step 
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is clearly called for and possible it will automatically be taken. 
What is discovered and what is used, in the physical as in 
other sciences, is as much a political as a scientific question. 

It will depend on the degree to which the new impulses to 
use and develop science are thwarted and distorted by com¬ 
mercial restrictions or military demands. The next few years 
will witness a demonstration of the relative value of the different 
systems, capitalist and socialist, in distorting or in furthering 
science. There can be no doubt about the distortion of science 
for war; it is not only admitted but justified and boasted about. 
The prime glory of capitalist science has been the hydrogen 
bomb—now somewhat dimmed by its production in the Soviet 
Union. Billions of dollars have been spent on developing it, but 
if it is ever allowed to be used its success will be measured in 
senseless and uncontrolled destruction, which no money can com¬ 
pensate, without one redeeming feature of possible constructive 
use. This is science gone mad not because of any inherent 
stupidity of men, but through the workings of a social system 
more than ever out of harmony with the rational possibilities 
science offers to society. 

The evident objectives on the socialist side are very different. 
We have there a great, manifold, balanced, and planned effort 
of physics and chemistry linking at every point with construc¬ 
tive problems of industry and agriculture. Important as 
atomic energy is—and it is given ample recognition in the Soviet 
Union—it is to the understanding of physico-chemical aspects 
of ordinary matter that the greatest attention is being given. 

io.ji—SCIEJ{CE AND IDEAS IN AN AGE OF 
TRANSITION 

The prestige of the physical sciences, great and ambiguous 
as it is, rests in these days on their practical manifestations in 
peace and war. For the first time it is evident to all that 
science consciously directed, rather than left to grow by blind 
chance, can transform almost without limit the material basis 
of life. Such a marked accession of human power cannot be 
without influence on man’s ideas of the universe and his place- 
in it—the old broad field of philosophy, now so pedantically 
reduced to discussions on grammar (p. 8i8). Great trans¬ 
formations inside physical science itself have accompanied the 
technological and political revolutions of our time. It is no 
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coincidence that this should be so^ though it would be foolish to 
try to link these changes by any simple chain of cause and 
effect. The relation of these factors arc likely to be even more 
complex than they were in the last great revolution of science 
of the seventeenth century (pp. 343 f). 

Living as we do in an age of transition, we can now see 
clearly enough the end of the old pattern of physical thought 
inherited from Galileo. This was broken at the beginning of 
the century by men still living, though it is only now that 
the full realization of the change has come through to us. 
What wc can sec only dimly is the pattern of the new physical 
universe that is to replace the old. We have had our Coper- 
nican revolution, but not our Newtonian, It is not just that we 
live in an age of uncertainty and doubt. If the foundations of 
physics are discovered to be faulty they are kept well under¬ 
pinned by ad hoc assumptions and the construction of the upper 
stories goes on merrily. It is rather that the flow of new know¬ 
ledge has come too quickly and in too great a confusion and 
contradiction to be assimilated as a whole. Yet every physicist 
confidently expects that it will all be tidied up in time, though 
most feel that the process is overdue. 

Positivism and physics 

At the moment, as we have seen, the breakdown of the 
simple mechanical picture has opened the flood-gates to the 
wildest and most obscurantist speculation. If sense fails, 
nonsense, unholy or holy, may be right after all. With the 
majority of scientists the difficulties are not embraced but 
evaded by sticking very closely to the observations, even to 
the extent of doubting what they are observations of. The 
predominant philosophy of physical science in capitalist 
countries is positivism, an even more diluted form of the 
agnosticism of the nineteenth-century compromisers. Posi¬ 
tivism is not at root a philosophy derived from physics—its 
politico-social origins will be discussed later (pp. 817 f.)—but 
it has bitten very deep into physics, especially in Britain and 
America, where a traditional distrust of all philosophy make 
scientists unconsciously an easy prey to the first mystical 
nonsense that is sold to them. 

The relativitism of Einstein, the indeterminacy of Heisen¬ 
berg, the complementarity of Bohr, take a positivist form, not 
for any intrinsically physical reason but because they were 
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conceived by men brought up to have a positivist outlook. 
The recent controversies about hidden variables (p. 531) 
show that the younger scientists, as well as some of the older 
generation like Louis de Broglie, are beginning to see through 
the circular arguments. For positivism in physics is bankrupt; 
after its apparent triumphs earlier in the century it has pro¬ 
duced no major new idea for twenty-five years, and is becoming 
involved in ever deeper contradictions. 

The crisis in physics and its resolution 

The “ crisis in physics,” discussed years ago by Christopher 
Caudwell,®*^^ is now officially admitted on all sides. Caudwell, 
in view of his lack of scientific training, could hardly be ex¬ 
pected to appreciate the technical niceties of the difficulties 
that faced the physicist. The fact that he hit the nail on the 
head so often showed that the real problems lay as much in 
society as in physics. Indeed, as we have seen, the Galilean- 
Newtonian mechanical and atomistic picture fitted well into 
the whole individualistic, competitive, economic set-up of 
capitalism. It began to break down under its own weight of 
new experiments and observations, which pointed to an un¬ 
acceptable interconnection between different aspects of the 
physical world. At the same time the very success of capitalist 
production, the growth of large enterprises, the concentration 
on empire and war, was making the capitalist system in¬ 
creasingly unstable. 

In society, as in physics, the resolution of these difficulties 
w^as to come from excluded and neglected parts of the system 
itself: in politics from the industrial workers; in physics from 
the accumulation of long-rejected quantized phenomena— 
electric discharges, photo-electricity—which could not be 
fitted into the system. In both cases the new elements could 
not effectively be incorporated without radically transforming 
the system. These analogies, though significant enough to 
show some real connection, must not be taken too literally. 
The content of the new knowledge of the physical world re¬ 
mains independent of the form of the ideas used to discover it. 
The expression of the knowledge may be deeply tinged with 
these ideas; they may, and indeed already do, form barriers 
to further discovery, but they do not invalidate either the 
experimental or the theoretical achievements of physical 
science. 
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The Physical Sciences in the 


1890” 


1900” 


1910- 


1920- 


1930- 


1940- 


1950- 


Historical Events 


Colonial wars 
Growth of monopolies 


Russo-Japanese War 
First Russian Revolution 

Increasing inter-imperial 
tension 

First World War 
Russian Revolution 

Post-war depression 
Fascism in Italy 

General Strike in Britain 

Great depression 

Rise of Nazism 
Spanish Civil War 

Second World War 

Invasion of Soviet Union 
Liberation 
Cold War 
Communist China 

Korean War 


Mathematical Physics 


Loreniz electron tlicory 


Stephan law of radiation 


Planck quantum theory 

Einstein special relativity 
equivalence of mass and 
energy 


Einstein general relativity 
Explanation of gravitation 

Bohr theory of spectra 
De Broglie new quantum 
Heisenberg theory 
Schroedinger 

Dirac wave mechanics 


Dirac electron theory 
Yukawa meson theory 
The expanding universe 


Bohr nuclear drop theory 


Meson field theory 
Shell theory of nucleus 


Dirac quantum electrodyna¬ 
mics 

Einstein unified field theory 


Nuclear Physics 


Becquerel radioactivity 

Curie radium 
Rutherford, Soddy radio¬ 
active transformation 


Soddy isotopes 


Aston mass spectrograph 
Rutherford and Bohr the 
nuclear atom 


First nuclear disintegration 


Cosmic rays 

Cockcroft, Walton artificial dis¬ 
integration 

Chadwick neutron 

Joliot artificial radioactivity 

Anderson positive electron and 
meson 

Bethe nuclear origin of sun’s 
heat 

Hahn nuclear fission 


First fission pile 
Atomic bomb 

Cosmic ray disintegrations 


Thermonuclear reactions 
Hydrogen bomb 


In our time it is no longer easy to present the progress of science in one table. I 
have chosen to divide it into two -one for the physical and one for the biological 
sciences. This may obscure to some extent the relations between them, but these 
are brought out in the text (pp. 1)72 f., 603 - 7 ) and in Table 8 . I have not attempted 
to cover the social sciences. Owing to the enormous activity of science even in 
this short period, it is impossible to present more than a few of the outstanding 
discoveries and applications of science. The columns have been arranged as far 
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Twentieth Century {Chapter lo) 


Electronics 

Crookes cathode ray 
Stoney the electron 
Lenard positive rays 

Riintgen X>rays 


J. J. Thomson mass of 
electron 

Lanitevin, Millikan, 
charge of electron 

Electronic valve radio 
telephony 

Laue X-ray diffraction 

Braggs structure of 
crystals 

Moseley X^rny spectra 


Radio broadcasting 


Appleton radio echoes 
ionosphere 


Development of radar 


Servo-mechanism and 
electronic computors 
Cybernetics 


Electron microscope 
Television 
Radio astronomy 


Engineering 

Development of i 
mobiles 


Steel frames and rein¬ 
forced concrete in 
building 


Wright’s first aero¬ 
plane 

Rapid development 
Cheap automobiles 

Mass-pr odu ction 


Tanks, lorries, and planes, 
beginning of mechan¬ 
ized warfare 


de Freysinnet 
pre-stressed concrete 


Mechanical transport re¬ 
placing older forms 


Tractors, combines, and 
further mechanization 
of agriculture 
Precision engineering 


Development of jet planes 
and rockets 


Instrumental control of 
production, first auto¬ 
matic factories 


Structure of Matter 


Measurements of in¬ 
creased precision of 
mechanical properties 
of materials 


Braggs structures and 
properties of solids 


Kossel, Lewis, iMnemuir 
electronic theory of 
chemistry 

Heitler, London homo- 
polar forces 

Goldschmidt geochemistry 


Structures of fibres 
Plasticity of metals 
Taylor dislocations in 
crystals 

Bowden studies in friction 
Orowan phenomena of 
metal plasticity 


Moi(, Frank, Read dis¬ 
location theory of plas¬ 
ticity and growth of 
crys^s 


Chemistry 


Syntheses of dye-stuffs 
and drugs 


Contact catalysis for sul¬ 
phuric acid 


Hahcr nitrogen from 
air 


Development of cellulose, 
plastics, rayon 


Fischer, Tropsch, Ser¬ 
gius petrol from coal 


Catalytic cracking petrol 
from crude oil 

Polymerization 
Artificial rubber 
Nylon and many vari¬ 
eties of new plastics 


Use of tracer elements in 
chemistry 


ATOMIC ENERGY 


as possible to indicate interrelationships, but difficulties arise in relation to the 
fifth column, engineering, which takes its place because of its close connection 
with electricity. This, however, breaks the close relationship between columns 2, 
4, and 6, all concerned with the new knowledge of the structure of the atom. 
However, the position of column 6 is dictated by the close relation of the structure 
of matter, with which it deals, to the development of the chemical indvistry, with its 
emphasis on synthesis and plastics. 
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The conditions of a neiv synthesis 

No one who knows what the difficulties are now believes 
that the crisis of physics is likely to be resolv ed by any simple 
trick or small modification of existing theories. Something 
radical is needed^ and it will have to go far wider than physics. 
A new world outlook is being forged, but much experience and 
argument will be needed before it can take a definitive form. 
It must be coherent, it must include and illuminate the new 
knowledge of fundamental particles and their complex fields, 
it must resolve the paradoxes of wave and particle, it must 
make the world inside the atom and the wide spaces of the 
universe equally intelligible. It must have a different dimen¬ 
sion from all previous world views, and include in itself an 
explanation of development and the origin of new things. 

In this it will fall naturally in line with the converging 
tendencies of the biological and social sciences in which a 
regular pattern blends with their evolutionary history. It will 
also accord with the attitude of a more integrated, that is of a 
socialist, society. For all these reasons the new scheme of 
physical science can no longer, even when it is worked out, be 
thought of as a final view. It will, when it has served its turn, 
become immersed in new contradictions and give way to a 
better one. Our business, however, is not to pursue such 
distant prospects but to cope more adequately with our present 
difficulties. 

It is here that w'C must leave the field of the physical sciences 
to consider the other major fields of the biological and social 
sciences. The disturbances and controversies that have shaken 
science have not been confined to physics. Indeed in physics 
they have still preserved a more academic character than in 
sciences that touch closer men’s individual and social lives. 
Nevertheless it remains a fact that the twentieth-century 
revolution in physics, unfinished as it is, has already pro¬ 
foundly influenced our knowledge of living matter. Biology 
can never be a branch of physics, but the new physical concepts 
of atoms and quanta furnish an invaluable key for opening 
ways to the study of organisms. They have been, as we shall 
see, a major, though by no means the only, factor in furthering 
a transformation of biology hardly less wide in range than that 
of physics itself. 
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Chapter 11 

THE BIOLOGICAL SCIENCES IN THE 
TWENTIETH CENTURY 

I i.o-INTRODUCTION 

T O give an adequate yet brief account of the influence of 
the biological sciences in the twentieth century is a far 
more difficult task than that attempted for the physical 
sciences. Yet it is essential to discuss them^ for it is in the 
twentieth century that biology, as a working and usable science, 
first begins to come into its own; and from what has already 
been achieved it is clear that far greater triumphs, botfx 
absolutely and relatively to the rest of science, are at hand. 
To leave out biology would give a picture of science completely 
out of balance. To do it justice, however, would require the 
hand of one bred and experienced in many biological discip¬ 
lines, and to that I can lay no claim. Though nothing can 
replace direct contact with a subject, there are a sufficient 
number of main trends in biology which are known to others 
than specialists to make it possible to give a picture in at least 
a rough outline. Biology now touches the physical sciences 
at so many points that it would be difficult for anyone who 
has worked in the latter not to have had some practical con¬ 
tacts with biological topics. 

In my case the relation has been closer than the average 
because I have, through my work in crystal structure analysis, 
kept in close practical contact with biological problems and 
have even, on questions of vitamins and hormones, proteins 
and viruses, among others, made some additions to biological 
knowledge. Besides, since my first acquaintance with the 
brilliant group of biochemists that gathered round Gowland 
Hopkins at Cambridge more than twenty years ago, I have en¬ 
joyed the society of biologists, have listened to their disputes, 
and occasionally added to the confusion by contributions of my 
own.®-’® ®^ This section may stand, therefore, as a record of 
how biology, with its social and economic influences, can appear 
today to a scientist working outside of, but close to, many of 
its disciplines. 
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The growth of biology in the twentieth century has been at 
least as great as that of physics^ even though in its history there 
have been no such dramatic changes. The advances in bio¬ 
logy have not been so concentrated, but they have been on a 
wider front, while the transformation in biological ideas has 
been almost as thorough, and that in practice even more so. 
Certainly biology occupies a far more important place in our 
general life and thought than it did at the beginning of the 
century. 

At that time it seemed as if the very complex and fluid 
nature of living things precluded the study by the same rigorous 
methods as had been so successful in the physical sciences. 
The character of biological knowledge seemed to be more 
primitive and qualitative—to resemble that of chemistry two 
hundred years earlier. That apparent lag has been greatly 
reduced in the interval. By now the phenomena of life are 
beginning to be seen more and more as problems which 
can be dealt with as scientifically as those of physics and 
chemistry. 

At the same time it is becoming evident that the degree of 
complexity of even the simplest forms of life is something of an 
entirely different order from that dealt with by physics or 
chemistry. What we had admired before in the external 
aspects of life, in the form and motion of the higher organisms, 
or in the symmetry and beauty of plants and flowers, now 
appear, in the light of our wider knowledge, relatively super¬ 
ficial expressions of a far greater internal complexity. That 
internal complexity is itself a consequence of the long evolu¬ 
tionary history through which living organisms have raised 
themselves to their present state. 

The problems of biology are not simply those of the chemistry 
and physics of complex systems; they are not even those of 
chemistry and physics with something different added. They 
remain of their own kind, to be tackled by observational and 
experimental science in which qualitative and quantitative 
aspects have both to be taken into account. The very suc¬ 
cesses of physics and chemistry have ensured that biology should 
now present the key problems of the whole of natural science, 
offering a challenge to the understanding of the world in which 
we live, which will call for far more extensive and at the same 
time better co-ordinated efforts than all those which science 
has dealt with in the past. 
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Biology as conscious control of living environment 

The situation of biology in the twentieth century offers 
some analogy to the situation of chemistry in the nineteenth. 
There, as we have seen (pp. 451 f.), under the impulse of grow¬ 
ing demands from industry, particularly the textile industry, 
chemistry transformed itself from a compendium of traditional 
recipes, ornamented rather than accounted for by a highly 
mystical phlogiston theory, to a practical quantitative discip¬ 
line backed by a coherent and mathematical atomic theory. 
The exploitation and control of the living environment, always 
an essential task of man, were in earlier times a matter of 
traditional practices, each with its own language and rules, 
which were essentially qualitative or simply based on ex¬ 
perience. It is only now beginning to become scientific and 
quantitative in theory and practice. 

It has been forced to become so because in the twentieth 
century, largely as a result of the spread of imperialism, new 
industries connected with agriculture, food, and drugs have 
grown up which require for their efficient operation a re¬ 
producible control of biological processes and products. At 
the same time old traditional industries, such as brewing and 
baking, are acquiring an increasingly scientific biological 
foundation. Finally, an enhanced concern, for economic and 
military reasons, with the health and efficiency of workers, 
peasants, and soldiers has given an enormous impetus to the 
study of medicine. As a result biology is beginning to acquire 
a solid economic basis. More money is going into it and more 
people can afford to work on it. These very incentives carry 
with them the demand for higher standards of performance. 
The severe control that is imposed by the demand that a science 
must work and pay, which has made physics and chemistry 
what they are, is now being increasingly applied in biology. 
Each advance is fixed and consolidated by incorporation into 
some new farm implement or drug and can then form the 
basis for a further advance (p. 874). 

Actually these new advances of biology have arrived only 
just in time; for unless man acquires a better biological 
control of his environment the dangers brought about by his 
progressive destruction of the soil, combined with an increase 
in population, will bring back the old spectre of famine just 
as surely as neglect of elementary biology in the nineteenth 
century would have led to the return of the spectre of plague. 
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Agriculture, from being the major human traditional occupa¬ 
tion, is rapidly being transformed, beginning with the wealthier 
countries of Europe and America, into an industry which is 
becoming more and more scientific in character; while medi¬ 
cine, from being the exclusive province of doctors, is turning 
into an attempt at a scientific control of human conditions, so 
that health and not disease will be its chief concern in the 
future. 

LMs with economic development 

The human needs that have given rise to the advance of 
biology, and the effects of that advance on human health, 
food supply, and population, inv^olve in their interaction the 
most important economic, social, and political movements. 
We now know enough to see how the world needs to be organ¬ 
ized so as to provide a continuously improving biological 
environment for all the people living in it. Nevertheless as 
yet only the socialist third of the world is moving in this 
direction. The other two-thirds are still under the dominance 
of the law of profit. This results, it is true, in a relatively high 
standard of living for the most favoured industrial workers and 
an undreamed-of luxury for the directing few and their 
dependants. But for the rest, especially the i,ooo million in 
the colonial and “ free ” tropical countries, the result is in¬ 
creasing degradation. Lands arc neglected and people are 
half starved and riddled by disease because it would not pay 
to improve their condition. Indeed it is because of their very 
misery that the raw materials on which the privileged industrial 
countries thrive can be obtained so cheaply. 

Biological science has been invoked only when these condi¬ 
tions have become so bad that they interfered with profit¬ 
making itself, as silicosis has in the Rand mines or malaria in 
the rubber estates of Malaya. For the most part, oppressive 
systems of land tenure and taxation, without the relief formerly 
provided by periodic rebellions, lack of capital, and outright 
robbery of the best lands by European planters, have kept down 
the standard of life of native populations over most of the 
tropical and sub-tropical parts of the world. 

The effect of applying the bare minimum of scientific know^- 
ledge to combat disease in such countries, without changing 
the pattern of exploitation, has had the result of allowing the 
population to increase and has thus provoked further deteriora- 
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tion of the standard of life and exhaustion of natural resources. 
Equally essential applications of science to food production 
and soil conservation have been ludicrously small in relation 
to the real needs of the people.®*®^^ The demands on biological 
science have therefore been far less than they might have been, 
and what has been found out has been applied only to a most 
limited extent. Nevertheless, these demands have produced 
a rapidly increasing body of knowledge, and are transforming 
man’s potential capacity to control his biological environment. 

Contributions from the physical sciences 

It is this new concern with increasing yields of food and indus¬ 
trial raw materials for greater industrial efficiency, and for the 
health of the labour forces on which the whole effort depends, 
that determines the new character of twentieth-century biology. 
In essence it started before the century opened with the first burst 
of imperialism in the ’eighties. It is no accident that Manson 
(i 844“I922), the father of tropical medicine, was a protege 
of Joseph Chamberlain; or that the first large-scale drives 
against yellow fever started in the Spanish-American War of 
1897 and that their success made possible the cutting of the 
Panama Canal. 

In biology, it is true, there was no discontinuity at the begin¬ 
ning of the century similar to that which marked the emergence 
of the new physics. Nevertheless, it is still useful to talk of 
twentieth-century biology, for it is only at its outset that the 
first large-scale successes of the new biology were scored— 
the medical achievements that first made the tropics relatively 
safe and the plant-breeding experiments, leading to the intro¬ 
duction of such varieties as Marquis wheat, which resulted in 
widely extending the area of cultivation in Canada. 

With the operation of these economic factors, which increased 
the over-all need for biology, further advances were made 
possible at about the same time by new contributions, first 
from chemistry, then from physics. The new understanding 
of the behaviour of the smallest units of matter, the atoms and 
molecules, and the techniques for studying them, were to prove 
invaluable in biology throughout the twentieth century. This 
does not mean, as some arc apt to think, that biology is becom¬ 
ing a branch of physics and chemistry. On the contrary, the 
use of physical or chemical knowledge to explain the mechani¬ 
cal, electrical, or chemical aspects of living organisms has only 
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brought into more relief their biological aspects. These 
phenomena, however well they could be described in physical 
terms, do not occur in mechanisms made by some divine 
craftsman from ideal models laid down from all eternity, but 
in self-regulating and self-reproducing entities whose present 
form was the result of an evolution stretching back over millions 
of years. 

Experimental biology 

The infiltration of chemistry and physics into biology was 
not limited to the creation of the two new sciences of bio¬ 
chemistry and biophysics. It had a profound influence on all 
other aspects of biology, pai'ticularly in giving a new character 
and importance to experiment. The experimental method is 
not new to biology. It has, as we have seen, accompanied 
biology, especially physiology, from the days of Galen, if not 
earlier. Even quantitative experiment, as Borelli and Sanc- 
torius showed (p. 333), has a long history in biology. 

However, there is still some sense in maintaining that from the 
last decades of the nineteenth century onwards the method of 
experiment, first casual and limited to a few disciplines, was 
turning into something new; it was becoming systematic and 
critical. 

This was the more apparent because under the in¬ 
fluence of Darwinism the main interest of biologists had been 
to establish the evolutionary origin of each part of every 
organism by the collation of numerous meticulous observations 
and dissections, rather than by determining by experiment how 
it lived and precisely how it had grown to be what it was 
(p. 468). Many biologists maintained that organic Nature 
was too casual and unreliable to be deliberately and quan¬ 
titatively varied in controlled experiments. Yet in the twentieth 
century just such experiments were attempted and began to 
yield results. 

The creation of a fully experimental biology could not have 
occurred without the concurrence of three major factors, 
which could only come into action in the twentieth century. 
In the first place, no biological experiments of any complexity 
could have been undertaken or yielded significant results 
without being based on the enormous accumulation of observa¬ 
tional and classificatory work in zoology and botany, mostly 
carried out in the nineteenth century. It was essential that 
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the various biological experimenters should be sure, as the 
results of the systematists* labours to describe species unequivoc¬ 
ally, that they were studying the same species of animal or 
plant. It was equally important that the anatomy or morph¬ 
ology of the parts to be experimented on should be adequately 
and reliably described, to ensure that there was nothing anom¬ 
alous about them. 

The second factor was the development of experimental 
technique in chemistry and physics, without which neither the 
instruments nor the reagents would have been available for 
biological experiments. The twentieth-century advances of 
biochemistry depended largely on the progress in the nineteenth 
of the practice and theory of organic chemistry. 

The third factor was the presence for the first time of a medi¬ 
cine, of an agriculture, and of a biological industry sufficiently 
developed to demand and enable use to be made of biological 
experimentation. From these roots has appeared a multi¬ 
farious growth of biological experiment, ranging from the 
statistical control of field crops to the modification of the 
performance of the parasites of bacteria. In it all we are 
beginning to see the possibility of a control of life as positive 
and quantitative as has already been achieved in the control 
of non-living matter. 

jSfew tools in biology 

The progress of biology has always depended, and never 
more so than now, on the perfection of instruments of observa¬ 
tion and control. Until very recently these were not developed 
from the immediate needs of biology but were, so to speak, gifts 
from outside, as was the microscope in the seventeenth century. 
The most recent and most powerful adjuncts to biological 
study have also come from physics: the valve amplifier to 
measure the minute currents and potentials in living systems; 
the electron microscope (p. 550), which bridges the gap between 
the light microscope and the interatomic dimensions studied 
by X-rays; and the use of isotopes and tracer elements (p. 
538) which promises a new interpretation of the actual process 
of transformation of chemicals in living systems. Finally, the 
techniques of pure mathematics, especially of statistical theory, 
have proved invaluable in extracting significant order from 
the characteristically irregular measurements of biological 
science. 
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NoW:, however, with the developments of biology itself 
and with the clearer understanding of the relationships between 
the sciences, biology is beginning to contribute to the instru¬ 
mentation of the other sciences. This is partly through the 
need for developing, for its own use, instruments and methods 
which might have been, but were not, developed for immediate 
service to physics or chemistry. Of these, one of the most 
interesting is that of paper partition chromatography, an ex¬ 
tremely simple technique, one that needs hardly more apparatus 
than some blotting-paper and a few solutions, and which was 
first applied to the separation of the complex fractions from the 
break-up of proteins and is now found to be the cheapest and 
also one of the most effective general methods of chemical 
analysis. This method, for which R. L. M. Synge and A. J. P. 
Martin were given the Nobel Prize in 1952, was itself a modi¬ 
fication of that of absorbent column chromatography first 
developed by Tswett in 1906 for separating coloured fractions 
of mineral oils—hence the name. Synge and Martin were 
driven to employ and radically modify it in an attempt to sort 
out the complicated products in the breakdown of wool. This 
illustrates well the back-and-forth interactions between 
industry, chemistry, and biology. 

Others are of a more purely biological nature, such as the 
assay of chemical reagents or physical stimuli by their effects 
on organisms or physiological preparations. This is often 
the most sensitive method. Indeed in the time of Galvani, 
as we have seen, the contraction of frogs’ legs provided at first 
the only way of detecting current electricity. By now the 
biological sciences have advanced so far in observational and 
experimental techniques that they can themselves take the 
lead in developing their own methods and instruments. 

The character of twentieth-century biology 

The advance of biological science in the twentieth century 
has been, nevertheless, a relatively confused and groping one. 
The subject is so vast and diverse that the sequences of simple 
and dramatic discoveries that were made in physical science 
can hardly be expected here, although some have occurred, 
notably in the elucidation of enzyme activity or in the physio¬ 
logy of plant hormones. In general, however, the phenomena 
studied are so varied and complex and the organization for 
studying them is so casual that the progress of biology in the 
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twentieth century has been one of a continuous interaction 
between advances in different fields. At no one given time 
is it possible to say that here a general decisive change has been 
made, yet some major advances are clearly discernible, notably 
those in biochemistry, in embryology, in genetics, in the 
physiology of nervous co-ordination, in behaviour and ecology. 

Even in the twentieth century the advance of biology con¬ 
tinued to be held up by the old obstacles to progress that the 
physical sciences met and overcame in the seventeenth and 
eighteenth centuries—the vested interests of ignorance rallying 
under the flag of piety and tradition. Biology is still deeply 
involved in the clearing up of concepts derived from the magical 
age. It lies too close to our personal and social interests, and 
to the very structure and functioning of our own bodies, to be 
even as free from human passions and the effects of social forms 
as were the physics and chemistry of an earlier age. We have 
seen how in earlier periods these apparently remote subjects 
were the battlegrounds of violent controversies. Biology is 
that today; only one great battle, that for the existence of 
evolution, has been won, but the other battles to establish how 
evolution comes about and how life started on this earth have 
still to be fought. 

Questions of genetics, questions of population, questions of 
food supply and of agriculture are still, perhaps more than ever 
before in human history, political questions, and all involve 
different attitudes to biological problems. It would therefore 
be idle to expect in biology, even by the middle of the century, 
any unanimity with regard to even the simplest general 
principles. Biology is still a chaotic subject. The great 
simplifying generalizations have yet to come. 

11 , 1 —THE RESPONSE OF BIOLOGY TO 
SOCIAL INFLUENCES 

The approaches to modern biology have been along several 
different lines. The interest in systematic zoology and botany 
which, as a result of the Darwinian controversy, was the 
dominant one in the nineteenth century, still continues, but 
contributes relatively much less to the advances of the subject. 
Three other influences have become much more potent: 
those from medicine, from agriculture, and from the new 
biological industry. Many of the discoveries and, even more, 
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the changes of outlook that have made of mid-twentieth- 
century biology a radically new subject are derived from 
attempts to satisfy the needs of practice. 

Medicine 

In fundamental biology the influence of medicine has been 
paramount. It is only in this century that the influence of 
science on medical practice^ derived from the nineteenth- 
century pioneer work of Pasteur and Claude Bernard^ began 
to make itself felt on a large scale. Medicine has become de¬ 
pendent for its supplies on important chemical and instrument 
industries, while in relation to its patients it has become more 
and more involved with organs of State power. Pharmacy, 
from being the collection of simples or the compounding of 
drastic mineral salts, has become a scientific industry, and one 
of no small importance even from the purely commercial point 
of view. 

With that great achievement of the twentieth century—the 
development of antibiotics, both of synthetic, such as the sul- 
phonamides, and of natural origin, such as penicillin— 
pharmacy has come to exert a positive effect on the whole 
progress of biological science, turning it in the direction of the 
understanding of the chemical processes underlying life. 
The differences between its present influence and that which, 
as we have seen, has been exerted by the need for finding 
and preparing drugs in the past, are those of increased scale 
and efficacy. We are still very far from a rational pharmaco¬ 
logy in which not only the apparent efficacy of the drug but also 
its precise biochemical mode of operation is known. Only 
then will it be possible to control scientifically the body pro¬ 
cesses, to restore and retain health. On the other hand, we 
have left behind once and for all the old philosophical or 
magical justifications for drugs which dominated medicine and 
misled science for so many centuries. 

Nutrition 

In the early twentieth century a relatively neglected aspect 
of medicine—that of dietetics—leapt into prominence as the 
science of nutrition. Its study was to lead to a major scientific 
discovery—that of the accessory food factors: the vitamins. With 
this came the knowledge of how much and what kinds of food 
people needed to eat to keep healthy or even alive. This 
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was the basis of the nutrition surveys and nutrition campaigns 
of the great depression. The work of pioneers like McGonigle, 
Le Gros Clark, and Boyd Orr led to the establishment of 
minimum standards, like that of the League of Nations in 1936 
and of the Advisory Committee on Nutrition in 
Ultimately, owing to the stimulus of military preparedness 
and war, this knowledge was forced even on governments, who 
had to take action to provide the food necessary to keep up 
their military and industrial manpower. This in turn had a 
direct influence on the largest and oldest biological industry, 
agriculture, and on the newly established food industries. 

The food industries 

Already by the end of the nineteenth century the food for 
the great new urban concentrations no longer came straight 
from the farm to the table. Increasingly the people’s food 
has come to depend on an industry concerned with its pro¬ 
cessing, and this industry, as time goes on, has become more 
and more scientific. It was driven to do so in part in the simple 
pursuit of profit, and in part because the scandals associated 
with improperly prepared and adulterated foods stirred the 
public conscience into introducing legislation and rigid 
control. The growth of the food industry has led to the 
beginning of a rational system of preserving and preparing 
food. From the factory it is spreading to the home. Artificial 
refrigeration, which began in cold store, has entered the kitchen, 
and cookery, the oldest chemical industry, is at last on the way 
to becoming scientific. Even though less and less cookery is 
done at home, what is done there will have to become more 
scientific, if only to save time without a resulting loss of 
palatability. 

Control of parasites 

Nutrition is only one of the new aspects of public health that 
have furnished a stimulus to biological advance. The triumph 
over water-borne diseases by the introduction of sanitation 
was a major achievement of the nineteenth century. The 
triumph over the even more wasting, insect-borne diseases— 
malaria, typhus, yellow fever, and plague—by a combination 
of engineering and chemical methods, is that of the twentieth, 
a direct consequence of the drive to more intense exploitation 
of colonial lands by the new imperialism. This attempt brought 
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out^ far more than the earlier one^ the need for combined 
attack. Many biological sciences such as entomology and 
ecology were stimulated; indeed, some, like epidemiology and 
parasitology, were almost created in its service. 

Medicine and war 

Clinical medicine has also had an enormous effect on 
biological science because of the new realization of the need 
to invoke it to understand and cope with the effects of disease. 
Indeed the very success of science in dealing with epidemic 
disease has caused more emphasis to be laid on chronic states, 
such as rheumatism and heart disease, and on the effects of the in¬ 
creasing number of strains and accidents produced by a 
mechanized civilization. For example, the universal spread of 
motor transport, besides multiplying road accidents, has led to 
gastric diseases among professional drivers. 

The extreme case is the calamity of war, which has in this 
century spread death, wounds, and disease more widely than 
in any other. Paradoxically, the urgency in war has led to a 
greater scientific effort in preventive and palliative medicine 
than any peace had produced. It was in war that the methods 
of blood and serum banks were first tried out. It was for war 
that the great potentialities of new drugs like penicillin or 
insecticides like DDT were developed rapidly and used on an 
enormous scale. More immediately, war surgery, and par¬ 
ticularly plastic surgery, has contributed to our knowledge of 
the working of the human body and of its means of growth 
and regeneration, directly and by corresponding research on 
animals. 

All these causes acting together are creating a new human 
biology, which combines and revives the old anatomy and 
physiology of the medical schools. Research tends to take a 
larger share in medical training and experience and to feed 
into medicine able men with a scientific outlook. Indeed we 
arc witnessing a rapid transformation of medicine from a 
magical art into a scientific discipline. 

Agriculture 

Agriculture became in the twentieth century a powerful 
stimulus to biological research. The changes wrought in 
agriculture in the nineteenth century were primarily those 
of mechanization. It was a matter of finding cheaper ways or, 
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more especially^ ways involving less manpower, for doing 
essentially what the Neolithic farmer had done in his time. 
The changes in twentieth-century agriculture are still largely 
mechanical—the tractor is a twentieth-century innovation— 
but they arc becoming at the same time more and more bio¬ 
logical in nature, positively, in the direction of improvements in 
fertilizers and feeding-stuffs, and negatively, in the continual 
struggle against the forces of Nature and animate creatures, 
in the battle against insects, moulds, and viruses, and in the 
conservation of the soil against erosion and sterility. Indeed 
the whole new science of the soil — pedology—founded by the 
pioneers V. V. Dokuchaev (1846-1903) and K. D. Glinka 
(i 867“I927) in the late nineteenth century, and still bearing its 
Russian origin in its terms such as podsol and chernozem, is a 
direct outcome of an attempt to found a scientific agriculture. 

Biological industry, old and new 

A third source of development for biology has been that 
derived directly from tlie biological industries, old and new. 
Brewing, as we have seen, has furnished some of the greatest 
advances in early bacteriology, and now there is a growing 
realization that much of the chemical industry, particularly 
that part which depends on the utilization of natural products, 
can often be dealt with almost as economically by biological 
means, that is by the action of bacteria, as by direct chemical 
action. In fact we arc seeing a new type of industry growing 
up, one carrying out on a factory scale what is naturally carried 
out inside the bodies of many existing animals such as cattle 
or termites. Cattle do not themselves digest the grass they eat 
directly; rather it serves as nourishment for a host of bacteria 
that inhabit their various stomachs, and they live on the soluble 
products of these bacteria and on their dead bodies. 

In future we may find that a whole industry based on a full 
knowledge of bacterial and algal metabolism—a microbiological 
industry—producing drugs, like penicillin, food and industrial 
products, will enter into effective competition with the purely 
chemical industries over a large range of products, particularly 
where it can be combined with an effective utilization of the 
agricultural wastes of today. Indeed in the latter part of the 
twentieth century there may be as big an industry based on 
applied biology as there was in the nineteenth century based 
on applied chemistry (p. 572). 
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Phases in twentieth-century biological progress 
These general considerations on the factors influencing the 
development of science in the twentieth century need to be 
supplemented for historical perspective by considering the 
relation to biology of the political and economic events of that 
disturbed and violent period. These have already been dis¬ 
cussed in relation to science in general in the introduction to 
Part VI and to the physical sciences in Chapter lo. 

It is not easy to trace in the biological sciences any clear-cut 
stages of advance such as are evident in modern physics. There 
is no question therefore of tracing close parallels between 
internal and external developments. Nevertheless biology 
has proved most susceptible^ just because of its relatively weak 
economic backing, to large injections of financial aid. In 
medicine and agriculture in particular, rapid advances have 
been made under the stimulus of war. Indeed at times the 
economic interests of the moment have given a general tinge to 
a biological research, as for instance in nutritional biochemistry 
in the ’thirties, or antibiotics during the Second World War. 

The major divisions of the history of our times are deeply 
etched by bitter experience into every scientist’s, indeed into 
every adult’s, mind. The two great wars and the depression 
that fell between them suffice to divide up the fifty years into 
five periods of unequal length. 

In the first period, up to 1914:, the sunset of the liberal age, 
biology flourished in the wake of expanding imperialism. It 
was the period of the first great triumphs of medicine against 
malaria and yellow fever, and marked the new turn in animal 
and plant-breeding beginning to pay dividends in Australia 
and Canada. 

Biology in the First World War 

The First World War was an interlude, which, except in 
America, distracted biologists from their research. It did, 
however, serve to show that anti-epidemic measures were by 
then adequate, for the first time in history, to preserve huge 
armies indefinitely in the field, though they failed to check the 
subsequent epidemic of influenza among half-starved civilians 
which killed many millions more than the battles. It also 
gave a foretaste of biological warfare in the form of poison gas. 
This first clear application of modern science for destruction 
provoked such a reaction among scientists and the people that 
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despite the ceaseless official research on it in intcr-war years no 
belligerent dared use it in the Second World War. Gas was, 
in fact, used once more, but only by Mussolini in his civilizing 
mission against the Ethiopians, against whom, being black, 
and unable to retaliate, the use of any means of warfare was 
legitimate. 

Biology in the inter-war period 

The inter-war years comprise first the aftermath of boom, 
slump, and boom again, then the great depression of the 
’thirties, and finally the rise of Nazism and the drift to war. 
At first it was the stimulus of starvation and disease that con¬ 
centrated biological attention on nutrition and counter-epi¬ 
demic research. This gave a great impetus to the use of the 
earlier discovered vitamins and their related hormones. The 
first post-war years are most aptly characterized by the coming 
of age of biochemistry. 

The depression, with its picture of poverty in the midst of 
plenty—of coffee burned, crops ploughed in, and millions of 
skilled workers unemployed—showed rather the futility and 
frustration of biology in the prevailing economic system. 
During the same period the rapid development of medicine 
and agriculture in the Soviet Union as part of the First Five- 
Year Plan began to show the existenceof a working alternative. 

In the later ’thirties the shadow of war lengthened and the 
violent spread of the race theories of the Nazis, with their 
perversion of science, recalled to biologists, and particularly to 
geneticists, the social implications of their work. 

Biology in the Second World War 

It was, however, only in the Second World War that the full 
practical potentialities of biology began to be realized. The 
need to protect the fighting men against disease, especially in 
the tropical theatres of war, and the need to minimize the 
consequences of wounds, led to all-round advances in sanita¬ 
tion, medicine, and surgery. DDT, penicillin, paludrin are 
all essentially war products. At the same time the overriding 
need for food stimulated agriculture and the processing 
industries. 

Post-war biology 

Some of these good effects lasted, others did not, into the 
confused post-war period. In one respect the military use of 
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science^ which had largely been confined to the physical sciences 
during the War^ was itself turned to the biologicah sciences 
when peace came. The study of radioactive poisons^ arising 
out of atom-bomb production^ the experiments and trials of 
bacteriological weapons^ seem to open a new era of biological 
warfare. Even the trials of the hydrogen bomb have shown 
its efficacy as a spreader of poison, and this has been only too 
tragically demonstrated on the bodies of Japanese fishermen 
and Pacific islanders. Only a public opinion enlightened by 
biologists conscious of their social responsibilities can prevent 
it turning into a grim reality, and endangering not only the 
whole human race, but the very existence of life on this planet. 

The positive aspect of the same war-generated forces has 
been the infiltration into biology of new physical techniques: 
radioactive tracers, ultrasonics, electron microscopes, and 
electro-cncephalographs for registering the direct reactions of 
the human brain. The second post-war period marks the 
coming of age of biophysics. This does not mean that bio¬ 
chemistry has been superseded: its greatest triumphs are still 
to come. The post-war period has witnessed a multiplication 
of antibiotic drugs, together with the beginnings of a rational 
approach to hormone therapy and to general pharmacology. 

At the same time the agricultural side of biology has been 
marked by the realization of the urgent need to stop the waste 
of natural resources, to build up new sources of food leading 
to combined engineering and biological plans to transform 
Nature. This is no longer being undertaken piecemeal, but 
on a geographical scale, in a way exemplified most completely 
in the anti-aridity plans of the Caspian and Black Sea basins. 
In these enterprises a complete geological, physical, and 
biological synthesis is being attempted, in which a new ecology 
is being substituted, not so much for the original natural ecology, 
but for the ruinous ecology imposed by man under the drive 
of an essentially exploitative, profit-making economy. 

Growing points in biology 

This summary account of twentieth-century advances in 
biology may serve as an introduction to a more detailed study 
of the progress of the different biological disciplines. Enough 
has been said at this stage to show something of the way in 
which powerful economic and social forces have contributed 
to the rapid advance of biology in our time and of the 
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reciprocal influence of this advance on the course of economic 
development. However, it is not only through the impetus 
given by social forces to the different branches of biology that 
these have affected its progress. The other part of the story 
is the influence of these economic and political forces on the 
inner workings of biological thought, on the moulding of ideas 
and the opening or closing of biologists’ minds to different 
types of explanation of the phenomena, and consequently on 
the types of observations and experiments made. 

These influences will emerge only when we come to examine, 
still broadly but in more detail, some of the major branches of 
biology that have shown the greatest and most fruitful advances 
in the last fifty years. Those I have chosen are: ii.2-11.4, 
biochemistry, a vast and rapidly growing subject in which I have 
further distinguished 11.3 microbiolog)} and 11.4 medical bio¬ 
chemistry, including chemotherapy; 11.5 covers cytolog)^ and 
embryology, dealing with the growth and development of 
organisms; 11.6 deals with the organism as a whole, particularly 
with its hormonal and nervous control systems; 11.7 covers 
heredity and evolution; 11.8 deals with the relations of organisms 
as ecology and also with the practical science of applied ecology 
or agriculture. Finally a section, 11.9, attempts to make some 
forecast of the future of biology. I know well enough that 
there arc many more subjects I might have included, such as 
plant physiology and animal behaviour, not to mention pro¬ 
gress in the classical fields of zoology and botany; but in these 
my knowledge is more limited and second-hand, and in this 
book I have necessarily never attempted a comprehensive 
treatment. 

In dealing with each topic, containing as it does a bewildering 
complexity of sub-topics, it is impossible to maintain even the 
degree of historical treatment which was achieved in dealing 
with the physical sciences. Between topics the time correla¬ 
tions are even more difficult to follow. Seen, however, against 
the general historical background already sketched here and 
in the introduction to Part VI, many of the particular advances 
can help to illustrate a close or remote connection with political 
or economic events. 

These eight tracts of advance in biology are not separate, 
but continually overlap and merge into each other, besides 
incorporating a growing proportion of the physical sciences. 
Among the eight the first five are more closely connected with 
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medicine, the last three with agriculture. Enormous advances 
have been made in all these branches in the twentieth century, 
in fact many of them are essentially twentieth-century sciences. 

ii.2—BI0CHEMISTRr 

The science of biochemistry is far more than the application 
of chemistry to biological problems. It is rather an attempt 
to discover and ultimately to imitate the far more delicate and 
controlled chemical operations that occur in living organ¬ 
isms. Biochemistry had its origin in the study of fermentation, 
and its establishment as a separate science may be taken some¬ 
what arbitrarily to date from the discovery that E. Buchner 
(1860-1917) made, almost accidentally, in 1897, when he 
found that crushed yeast could cause sugar to ferment even 
though no living cells were present. This showed that a dead 
chemical substance, what was called an enzyme—cn zyme = in 
yeast—was responsible for fermentation and similar substances 
for most other chemical reactions occurring in living matter. 

It was to take some forty years, however, even to begin to 
understand the nature of enzymes and the mechanism of their 
action. In the great controversy of the nineteenth century— 
that between Pasteur and von Liebig on the nature of fermenta¬ 
tion—both were right and both were wrong (p. 472). Liebig 
was after all justified in claiming that fermentation was caused 
by a chemical. On the other hand these substances were not 
laboratory chemicals but could be produced only by living 
organisms, and this justified Pasteur, who had claimed that 
life played an essential part in fermentation. Non-living 
ferments like the diastase of malt had, it is true, been known 
and used by man since the dawn of history. The importance 
of Buchner’s discovery was that it proved the long suspected 
fact that reactions inside the cell, often attributable to 
mysterious vital forces, were due to intra-cellular ferments or 
enzymes. 

What intrinsically marks off biochemistry from the more 
classical organic chemistry—itself arising from the study of 
products of life—is that it deals with chemical processes as 
they are carried on in and around the cells of living organisms 
by means of enzymes. For example, there arc two major 
operations carried out by nearly all living organisms—fermenta¬ 
tion and oxidation—and one other, on which today all the 
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rest depend: the photosynthesis of green plants. All are simple 
in their components, but are executed in an extremely complex 
way through a number of steps, each operated by a specific 
enzyme. 

It is quite impossible in the small space of this section to 
attempt to unravel and present the story of biochemistry as it 
should be presented in its historic order together with its inter¬ 
actions with medicine, agriculture, and industry. The starting 
materials are so various, including as they do a not quite 
arbitrary selection of a few thousand out of the many billion 
distinct chemical substances that could be found in living 
organisms. Even more varied and multiple are the reactions 
between them.®*'^^’ The clues to this maze were, in fact, pro¬ 
vided by the human, social, and economic selection of definite 
problems in the effort to explain and control useful or noxious 
natural processes. The need to promote or check fermentation 
or growth, to understand the action of drugs, to assay the real 
value of foods, have all played their part in the development 
of biochemistry and, through the successes registered at every 
stage (the discovery of vitamins, hormones, antibiotics), have 
step by step increased the prestige and activity of biochemistry. 
Off the main line of medical and industrial concern have been 
many fascinating and rewarding side-tracks, and even pure 
curiosity has played its part. The great Hopkins began his 
biochemical researches by an analysis of the pigment of butter¬ 
flies’ wings—a lead into the important group of pterins related 
to pantothenic acid, one of the constituents of vitamin B. 

Even if a history of biochemistry could be compressed into a 
small space it could not be presented to a non-specialized 
reader without explanations longer than the story itself. Faced 
with these difficulties, and at the risk of exasperating my 
biochemical friends, the best I can do is to abandon the 
historical approach and to discuss a very limited selection of 
aspects of biochemistry which illustrate particularly well the 
interaction between scientific research and social forces. 
Further, in order to make them at all intelligible I will treat 
them in the light of my present knowledge of biochemistry, 
out of date though it inevitably is, with the consequence that 
they will necessarily appear on a quite different background 
of scientific knowledge than that of the times in which they 
were made. The order I am adopting is logical rather than 
historic, but even then it is difficult to make each part depend 
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only on what has gone before,, and not as well on what is to 
follow. It would consequently, for those who are sufficiently 
interested, warrant a second reading. 

I am beginning with a short description of the intermediate 
molecular building-blocks out of which most living matter 
seems to be made. This is necessary to introduce a discussion 
of the action of enzymes and co-enzymes and of the processes 
of fermentation, oxidation, and photosynthesis, I then turn 
to the story of vitamins, trace elements, and hormones as 
further examples of the biochemical action of small quantities 
of special substances. P'rom there I propose to turn back to a 
consideration of the most complex and characteristic of bio¬ 
logical materials, the proteins, and say something of their 
production and digestion and of the roles they play in organisms. 

This leads to a general description of metabolism and to a 
discussion of the total biochemistry of small organisms such as 
bacteria and yeasts. To describe and analyse materials and 
processes occurring in organisms is only the first step. It is 
necessary also to account for their coming into being, and a 
discussion of this leads to posing questions about the origin 
and early development of life. Finally I say something of the 
relations between biochemistry and the development of 
medicine. 

The basic molecules of living organisms 

Recent work has amply confirmed that it is the activity of 
continuous cycles of chemical processes rather than the existence 
of any material substance that gives life its specific character. 
Before, however, these processes can be discussed it is necessary 
to say something of the forms of the molecules that are inter¬ 
mediate between the simple inorganic gas molecules like 
ammonia or carbon dioxide and the highly complex proteins 
and nucleic acids that are essential to present-day organisms. 
Logically, and probably historically as well, smaller molecules 
with a dozen or so atoms come before the larger, thousand- 
to million-atom molecules. 

All of these have indeed been shown to be decomposable into 
a relatively small number of types, themselves mostly falling 
into four major groups. There are (i) the twenty-odd amino- 
acids that make up the proteins \ (2) a few nitrogen-containing 
double-bonded ring molecules, including the purines and 
pyrimidines of nucleic acidy the pyrrholes and porphyrin of cell pig- 
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ments and many physiologically active alkaloids \ (3) the vege¬ 
table acids and the carbo-hydrates, mostly sugars and their deriva¬ 
tives ; (4) the fats and their related sterols. All living things 
on this earth the biochemistry of which has been studied seem 
to be built of these basic molecules; and though relatively few 
have^ these should be a representative sample. 

Of thesc^ the first group^ or at least the simpler of them, 
seem to be the most primitive, and indeed have recently been 
made by Miller from ammonia and carbon dioxide acted 
on by light. The second group, also containing nitrogen, 
seems to be derived from the first by ring formation and de¬ 
hydrogenation. The third group, without nitrogen, seem now 
to be produced by photosynthesis from carbon dioxide and 
water, but this is a complex process, and originally they may 
well have come from the first group by removing nitrogen. 
The fourth group is the most complex and removed from the 
original materials; they may be derived from the second and 
third groups, but their origin is still obscure. 

It is not only the presence of relatively restricted groups of 
basic molecules that reveals the common origin of present-day 
life, but also the presence of common paths of synthesis and 
breakdown in all living organisms, the plants being more 
prominent in the former, the animals in the latter. The fact 
that, barring poisons, every animal can get some nourishment 
from every plant and that ultimately all animals live on plants 
shows that biochemically life is a unity. 

Mode of action of en^mes 

That unity is maintained by the action of linked chains of 
reactions now catalysed by enzymes, though the present enzymes 
cannot have been the first molecules with this role. The 
understanding of enzyme action, by which a small particle of 
even a crude preparation, like rennet or malt, can transform 
an enormously larger quantity of the so-called substrate, like 
milk or starch, had to wait until enzymes could be prepared in 
a reasonably pure state. This was not achieved until the middle 
’twenties, and even now only a few dozen enzymes have passed 
the test of crystallization, though fairly pure preparations of 
hundreds of others are known. 

Only when enzymes had been purified could their enormous 
efficacy be fairly judged.®*®^® One molecule of an enzyme 
like peroxidase can activate a million molecules of hydrogen 

619 



THE BIOLOGICAL SCIENCES IN 

peroxide per second. The fundamental importance of the 
purification was to show that a crude enzyme, the so-called 
zymase of yeast, did not in one stroke turn sugar into alcohol 
and carbon dioxide, but that the process of fermentation was 
carried out by some twenty separable enzymes, each responsible 
for one detailed chemical step—removing an atom from the 
substrate molecule or shifting a chemical bond. It appeared 
in fact that the biological transformations of chemical sub¬ 
stances in the cell were very similar to those occurring in a 
modern chemical factory, where each reaction vessel carries 
out only one operation and passes on the transformed material 
for the next to deal with. Further, each separate step was 
found to involve a very small energy change which ensured 
that the reaction could proceed at comparatively low tempera¬ 
tures without giving off enough heat to raise it markedly. An 
enzyme transformation system is like a pair of steps, which 
enables the reactants to get over a large energy barrier without 
needing the energy or the high temperature necessary to jump 
over it in one go. 

Once the enzymes could be purified it became apparent that 
most of them were, or contained, proteins. It had long been 
known that proteins or albuminous substances, like white of 
egg or lean meat, were found in all living cells and, in a hard¬ 
ened form, in integuments, like silk, wool, or horn. Engels 
had already in 1877 referred to life as “ the mode of existence 
of proteins.”^*^® Here, for the first time in purified enzymes, 
there began to appear at least one reason for their importance: 
their capacity to promote biochemical changes. Later we 
shall have something more to say about the structure of the 
proteins. For the moment it is sufficient to say that most 
protein enzymes are composed of large soluble molecules of a 
thousand or more atoms containing both acid and alkaline 
groups. 

Biochemical methods 

It is principally around the action of enzymes that bio¬ 
chemical methods, as distinct from those of physical or organic 
chemistry, have grown up. The art of the biochemist con¬ 
sists of separating from a piece of mashed tissue—like liver 
or seed germ—the various enzymes it contains. Besides using 
all the techniques of chemistry, old and new, the biochemist 
operates with devices learned and adapted from the enzymes 
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themselves. It is often possible by the use of certain drugs to 
poison or inactivate some particular enzyme and thus to stop 
the chain at a corresponding point and to find the intermediate 
product. The very activity of the enzyme measured by the 
rate at which it transforms the substrate may serve to track it 
down. A more active preparation must contain more enzymes. 
If further fractionation docs not seem to improve the activity 
it is probably not far from being pure. 

The witches^ cauldron 

This method of concentration by specific activity is one of 
the most powerful tools which the biochemist has taken from 
classical chemistry—the Curies used it to isolate radium— 
which in turn had derived it from the practice of the miners. 
Using these methods^ once an activity is recognized a search 
can be made for materials which contain it to a considerable 
degree^ and when the best is found it can be purified^ yielding 
often in the process associated substances of unexpected proper¬ 
ties. The raw materials arc as varied as those of the primitive 
medicine man or the witches of Macbeth : 

Fillet of a fenny snake. 

In the caldron boil and bake ; 

Eye of newt, and toe of frog, 

Wool of bat, and tongue of dog, 

Adder’s fork, and blind-worm’s sting, 

Idzard’s leg, and howlet’s wing,— 

For a charm of powerful trouble. 

Like a hell-broth boil and bubble. 

Now, however, they are no longer mixed but carefully separated. 
It was in this way that not only enzymes but also vitamins^ 
hormones, and antibiotics were detected and purified. 

Five decades of patient work by a growing band of bio¬ 
chemists—in Britain there were only 50 members of the Bio¬ 
chemical Society in 1911, there are over 1,600 now—has un¬ 
ravelled a few complete reaction chains and found some hundred 
enzymes and other biologically active substances. Of the 
latter, with smaller molecules, many have been analysed and 
a few synthesized by the methods of organic chemistry. 

Co-en^mes 

As the reaction chains promoted by enzymes began to be 
studied more carefully, it was found that the proteins in the 
enzymes were not acting alone. Equally necessary to the 
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progress of the reactions was a small quantity of non-protein 
material^ usually soluble and of small molecular weight. The 
first of these co-enzymes—cozymase—was detected by Harden 
and Young in 1906^ and identified as a dinuclcotide of nicotinic 
acid, the anti-pellagra vitamin, by Elvehjem in 1937. Not 
as many co-enzymes are known as enzymes but the same one 
can act for several enzymes. The function of the co-enzymes 
has been found in several cases to be that of accepting and pass¬ 
ing on atoms or small molecules released by the main enzyme 
reaction. Riboflavinc, for instance, acts as a hydrogen donor 
for transforming oxygen to hydrogen peroxide. 

Respiratory pigments 

This linking of a protein enzyme with a small but active 
molecule brings out the close parallelism between enzyme action 
and that of the so-called respiratory pigments, like the haemo¬ 
globin of the blood or cytochrome of the cell. These consist 
of a protein globulin loosely bound to a brightly coloured and 
usually metal-containing porphyrin group. This combination 
seems to enable a small molecule like oxygen to be held very 
lightly, so that it comes on and off readily. In this way the 
respiratory pigments serve to carry out the critical step of intro¬ 
ducing and removing small molecules in the biochemical system. 

Trace elements 

Their specificity depends very much on the avSsociated metal: 
thus only iron will work in the vertebrate blood pigment 
haemoglobin, vanadium in that of the related sea squirts, copper 
in the blood pigment of snails. As these substances are very 
active and only one atom of metal is needed for a protein 
molecule containing 5,000 or so atoms, the amounts of metal 
required are very small. Without it, however, the system will 
not work and the animal or plant will die. This is the explana¬ 
tion that was found for the mysterious pining diseases of cattle 
and sheep feeding on meadows deficient in some one metal. 
Pining in cattle, for example, can now be cured by the 
application of 28 ozs. of cobalt per acre. The use of such 
trace elements is likely in the future to extend widely the area of 
profitable agriculture. 

Photosynthesis 

The porphyrins are coloured molecules, that is they react 
to visible light. It is not surprising therefore to find one of 
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them—chlorophyll—as the overwhelmingly most widespread 
and successful light-trap molecule in photosynthesis. Through 
this one molecule passes all the energy from the sun that makes 
plants grow, animals move, and men think. The crude 
product of photosynthesis in higher plants seems simple 
enough. Carbon dioxide is taken in from the air, reduced to 
carbon, combined with water to form a carbo-hydrate—sugar, 
starch, or cellulose—and the extra oxygen restored to the air. 

Actually years of research, using every refinement of photo¬ 
chemistry and tracer technique, has only shown that the process 
is very complicated and it is not yet completely unravelled. The 
light seems to act by removing oxygen from water, the remain¬ 
ing hydrogen atoms being later made use of to reduce to a sugar 
a carboxy acid formed from the carbon dioxide of the air. 

The discovery of the action of respiratory pigments, enzymes, 
and co-enzymes pointed the way to the explanation of phe¬ 
nomena very long known: the violent effects of certain 
substances on large organisms even when administered in 
extremely small quantities. This knowledge, in fact, dates from 
the Old Stone Age, with the first discovery and use of poisons. 
The word toxon in Greek stands for arrow and poison. In a 
few simple cases the mode of action of poisons can be explained. 
Cyanide and carbon monoxide, for instance, act by combining 
with the haematin of haemoglobin and oxidative enzymes more 
firmly than the oxygen that they should carry, and thus block 
the main oxygen-transporting mechanism. 

The discovery of vitamins 

The importance of very small quantities of chemicals in 
biological processes was also discovered in modern times, 
rather paradoxically in reverse, by the effects of not having 
them. In the past many diseases were attributed, and quite 
rightly, to deficiencies in diet. Of these perhaps the most 
important was scurvy, the sailors’ disease. It was also the 
first to be recognized as a deficiency disease. Already in the 
eighteenth century. Captain Cook had kept his crew free of it 
by a permanent provision of fresh fruit. But this knowledge 
was not scientific, and tended to be forgotten in the nineteenth- 
century vogue of the germ theory of diseases. It was the 
genius of Hopkins that first drew attention to the presence in 
full diet of small quantities of substances in the absence of which 
growth did not occur and degenerative symptoms appeared. 
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These accessory factors, later to be known as vitamins, gave 
an immediate impetus to the study of biochemistry, because 
here at last were chemicals that could be used, and used 
immediately, for curative purposes. Once the idea gained 
ground that a particular condition was due to a deficiency it 
became a matter of hard work and chemical technique to 
find out what the deficiency was, to isolate the substances that 
could cure it, to determine its formula, and finally to synthesize 
it. There were, of course, many difficulties; although some 
vitamins were simple, such as, for instance, vitamin G or 
ascorbic acid, first isolated by Szcnt-Gyorgyi, who defined the 
vitamin in a paradoxical way as “ a substance that makes you 
ill if you don’t eat it.” Other vitamins were very complicated 
indeed. What was first called vitamin B was found to contain 
at least fifteen different substances, each needed for the carry¬ 
ing out of some different function in the body. Many, pos¬ 
sibly all, vitamins appear to function as co-enzymes and may 
represent only those that, as they normally occur in food, the 
organism has lost the ability to synthesize. 

Social effects of the knowledge of vitamins 
The discovery and isolation of the vitamins, and the deter¬ 
mination of the quantities of each necessary to maintain 
health, provided in principle the first approximately complete 
and quantitative assessment of the food requirements of human 
beings. In the twentieth century science thus put into the 
hands of humanity a means of ensuring the good life, as far 
as food could do it, of the population of the whole world. 
Vitamins are fairly widely distributed and consequently a 
mixed and ample diet always contains enough of them. This 
is why the deficiency diseases are primarily diseases of poverty 
which can be cured completely by good economics and good 
government. For example, while in the nineteenth century 
rickets, with its twisted limbs, was so common in this country 
as to be known as the English disease, it is now difficult to 
find a case. This is a very recent achievement, and one due 
to the operation of maternal and child health services. As late 
as 1931 a sample survey showed over eighty per cent of school 
children with some clinical sign of rickets. On the other 
hand under-privileged peoples do not fare so well. In large 
parts of Africa beriberi still exists, while pellagra is common 
in Italy and the Southern States of the USA. 
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The value of scientific research in these cases was that it 
brought into the light of day facts about nutrition that had 
previously been confused with a large number of irrelevant 
considerations. It was so easy to put down the illnesses of 
the poor to drink or vice^ and as long as they were not visibly 
starved or dying for lack of food it was assumed that everything 
that could be done for them was being done. Now, with the 
new knowledge, it could no longer be hidden that withholding 
good food containing vitamins was an actual crime against 
humanity. Once this knowledge was well established and 
widespread it became no longer possible to tolerate what was 
effectively a deliberate crippling and maiming of human 
beings. 

Characteristically enough, it was not these considerations 
but rather those of the fitness for armies to fight in the Second 
World War that led to the fully efficient and official taking up 
of the applied science of nutrition. This was done to such good 
effect that it was possible to keep the British population 
actually healthier than they were before the war, on a very 
much reduced gross diet, which, in the absence of a knowledge 
of vitamins, would inevitably have meant a great incidence of 
deficiency diseases, particularly among children, and a general 
increase in epidemic disease as well. 

Hormones 

The importance of special molecules in very small quantities 
was not, however, limited to molecules taken in food. At the 
same time as these researches were going on, others were show¬ 
ing that many bodily conditions were dependent on the exist¬ 
ence of minute quantities of substances produced inside the 
body itself, usually in special places: the so-called ductless 
glands whose function had been a mystery to the earlier 
anatomists. Thus a new group of substances w^as discovered, 
the hormones or messengers, as E. H. Starling (1866-1927) 
first called them in 1905, such as ocstrone and its related ovarian 
hormones connected with the female sexual cycle and lacta¬ 
tion. Another is thyroxin, the failure to produce which may 
cause goitre and cretinism. Iodine is the key element in 
thyroxin, and its absence in many areas is the basic cause of 
these diseases, which can be prevented by an adequate distribu¬ 
tion of iodides. In other cases, such as insulin, the problem 
was more complicated, the hormone being itself a protein 
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and therefore not yet synthesizable. The sufferer from 
diabetes is dependent on the hormone production by proxy 
of another organism or on insulin derived by extraction from 
the pancreas of cattle and sheep. Unfortunately the incidence 
of diabetes throughout the world is greater than the potential 
supply of insulin from animals. Unless we are willing to 
tolerate the death of hundreds of thousands from preventable 
causes^ there should be a most determined and well-backed 
effort to synthesize insulin or insulin substitutes. 

Plant hormones 

The successes of vitamin and hormone research were not 
limited to animals. Went and others in 1928 began to study 
by biochemical means the way in which the growth of plants 
was affected by external stimuli such as light and gravity. 
To say that plants naturally grow upwards and towards the 
light is simply to allow familiarity to conceal ignorance. To 
measure how they grow is an essential step to understanding; 
but only by experiment, controlling and varying the state of 
the environment, could the process begin to be understood. 
In this way natural substances, the auxins^ were discovered 
that produce lengthening of cells and hence growth, which 
may be straight or crooked, according as the auxins are evenly 
or unevenly distributed. Later it was found that artificial 
substances, not very similar chemically to the natural auxins, 
had similar effects. These hetero-auxins arc now widely used 
for promoting growth, particularly the rooting of cuttings. 
In larger doses they produce unregulated growth and death, 
and are therefore beginning to find application as weed-killers. 
It is characteristic of the pathological state of the capitalist 
world that others are being developed at great expense and 
in deep secrecy to be used to blast enemy crops in biological 
warfare, and this use has recently been tried out, without 
effective protest, against the peasants of Malaya. 

The study of vitamins and hormones, and even more the often 
dramatic effects in the practice of administering them, make 
it very tempting to think of organisms no longer as mechanical 
machines but as chemical machines, whose performance is 
entirely determined by the totality of active agents administered 
to them. As experienced biologists and even biochemists 
point out, it does not follow that if the giving of a specific 
chemical produces a certain physiological result, it is the same 
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or a very similar chemical that produces it under healthy 
conditions. There are many other chemical and neurological 
factors to consider, and the same result can be reached by very 
different paths. Nevertheless, this knowledge should not lead 
to an all-pervasive scepticism or mysticism in biology. Rightly 
considered, it should be a spur to deeper and more compre¬ 
hensive biological research. 

Immunology 

So far we have stressed the activity of molecules in organisms. 
Some have another property, that of specificity, which is also 
peculiarly associated with proteins. Pasteur had discovered, 
almost by accident, in the reaction of induced immunity, how 
a harmless vaccine taken from a concoction of dead bacteria 
could immunize a patient against an attack by the same 
bacteria in a virulent state. This became the basis of the 
new science of immunology. Its practical successes have been 
registered in the virtual abolition of diseases like diphtheria. 

In essence this represents only a further stage in the bringing 
into the light of processes that have for millions of years served 
to protect animals from infectious disease. Their recognition 
and use by man are also hidden in the mists of history. No 
one knows the origin of the practice of inoculation for small¬ 
pox long practised in the East, but it owes little to science. It 
was from this, however, that Jenner in 1796 drew his practice 
of vaccination, which was important because it was the first 
scientific use of the principle of protective immunization, 
recognized traditionally by the milkmaids, of the milder 
bovine form of the disease. Nearly eighty years were to pass 
before this first break-through was followed up, and it was not 
until this century that the principles of immunity found a wide 
range of application. The same effect became apparent later 
when the old expedient of blood transfusion was seriously 
attempted in human subjects. 

Blood groups 

At first, among the successes serious accidents occurred; 
and it was discovered that the proteins in some people’s blood 
were such as to react with and indeed precipitate the blood 
cells of other kinds of people. That was the beginning of the 
study of blood groups by Landsteiner, which was to prove of 
such inestimable value in saving lives in war and also in peace. 
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Both these reactions depend on the fact that proteins are highly 
specific; that each kind of protein can act as an agent in the 
body to produce an antibody which will precipitate this and 
only this protein in future. The mechanism of this reaction 
is still obscure^ but enough is known to show that only a parti¬ 
cular part of the protein molecule is involved. Its further 
study is bound to throw light on the biologically essential 
details of protein structure. 

Structure of protein molecule 

The studies of specificity and enzymic action are beginning 
to show what the effective role of proteins in living beings is 
likely to be. They give at the same time individuality and 
activity. Compared with most molecules dealt with by organic 
chemists, the proteins are very complicated. First of all their 
molecules arc big—too big for ordinary chemical methods of 
measurement, but big enough to be amenable to physical 
measurement, as Svedberg showed when he separated them 
with the high rotational speeds of the ultracentrifuge, a kind 
of hundred times speeded-up cream separator. 

What was more astonishing was that they could be crystallized, 
that is millions of protein molecules of the same kind could fit 
together—“ in rank and file,” in Newton’s phrase—just as 
regularly as the simplest atoms in inorganic crystals. This 
implies that the molecules of proteins of any given kind are 
substantially identical. The identity need not be an absolute 
one—down to the last atom or bond—but crystallization docs 
imply that most of the molecules do not differ by more than a 
few per cent in size and shape. 

The existence of protein crystals made it possible to examine 
protein structure by means of the same X-ray analysis that had 
previously been applied to organic crystals. This gave exact 
measurements of the sizes of protein molecules, which range 
from those containing i,ooo to those containing millions of 
atoms—mostly those of carbon, nitrogen, oxygen, and hydrogen. 
It also gave some clue as to how they were held together. The 
most likely hypothesis at the moment is that they are composed 
of bundles of chains of amino-acids held together fairly firmly 
by electrical charges. 

The structure of the component chains is being gradually 
elucidated by the new techniques, physical and chemical. 
The first decisive step was the determination by Sanger in 1952 
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of the precise order of the amino-acids in the two chains which 
make up the molecule of insulin. This has been the greatest 
triumph of analytical chemistry. How these chains are folded 
or coiled is as yet unknown. We arc still a long way from the 
solution of the problems of protein structure. Until we under¬ 
stand more of it than we do we shall be unable to give any 
fundamental explanation; that is, any explanation leading 
to any full and conscious control of the processes in which 
proteins are involved. These are not only the purely chemical 
processes already discussed, but also elementary physiological 
functions such as the contraction of muscle, on which all 
animal movement depends, and the conduction of nerve 
messages. 

Fibrous proteins 

Both muscle and nerve are made of fibrous proteins, so are 
inert parts of animal organisms such as the collagen of cartil¬ 
ages, the keratin of hair, nails, and horn, and the silk of insects 
and spiders. These hard fibrous proteins may be considered 
in some sense biological by-products, excreta retained for 
structural purposes. Fibrous cellulose plays the same role in 
plants and chitin in the hard skins of insects. It is just because 
they are solid, strong, and stable that the fibrous proteins have 
proved to be of value to man from primitive times, and have 
become the basis of the great wool, silk, and leather industries. 

For the same reason they were the first proteins to be 
analysed by means of X-rays. The work of Mark and Astbury 
showed them to be chains of amino-acids which were folded 
in elastic proteins like wool, and were straight in rigid proteins 
like silk. This has done much to give a scientific basis from 
which to modify the old techniques and to provide means for 
the creation of new textile fibres. Already a new range of 
secondary fibrous proteins has been produced from natural 
globular proteins, such as ardil from the edestin of ground 
nuts; and truly synthetic proteins, like polybenzoyl glutamate, 
can now be made in the fibrous form, and threaten to rival 
the completely artificial polyamides of nylon. 

Globular proteins 

It is, however, a far cry from the artificial production of 
fibrous proteins from amino-acids to the actual construction 
of active, so-called globular, protein molecules. When Wohler 
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synthesized urea in 1828 he was not really building up, as 
he thought he was, an essentially vital or organic product; 
actually it was only one of the last stages of degradation of far 
more complex nitrogen-containing compounds. The problem 
of the artificial synthesis of the essential basis of life has not 
even begun to be solved, for before we can synthesize we must 
be able to analyse. 

Digestion of proteins 

Here we are approaching the limits of present knowledge 
in which the most exciting possibilities arc being opened by 
research actually in progress. Clues are being sought on the 
genesis of proteins from studies of their natural decomposition 
or digestion. Many point to the idea persuasively put forward 
by Casperssen, that nucleic acid is concerned with protein syn¬ 
thesis. This may not be as difficult as their complexity would 
indicate. Bresler in the USSR claims to have reversed 
enzymic degradation of proteins by high pressure, and thus to 
have rebuilt proteins having the characteristic physiological 
and immunological reactions. 

Metabolism 

One of the central problems of biology is that of metabolism. 
As already mentioned, some of the processes of metabolism— 
the burning up of sugar, for example—have been more or less 
worked out; but far more remains to be done, and the study 
of the constructive part of metabolism or anabolism has hardly 
started. One thing, however, has become clear very recently, 
particularly by the use of tracer elements; that is, that both the 
anabolism, or building up of compounds from simpler structures 
in the body, and the katabolism or breaking them down, are 
taking place at much greater rates than had hitherto been 
thought. The molecules in our bodies and in all organisms 
are in a perpetual state of reconstruction, and the atoms flow 
through them in an almost continuous stream. It is probable 
that none of us have more than a few of the atoms with which 
we started life, and that even as adults we probably change 
most of the material of our bodies in a matter of a few months. 

Biochemical character of life as a process 

What is permanent, then, in an individual life is not the 
matter but the forms and reactions of the molecules out of 
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which organized beings are made. The actual matter of 
organisms seems to be essential mainly because it is needed to 
execute the continual cycles of chemical changes which are 
life. These changes must be more or less balanced in every 
living celh as they are in the organism as a whole. This— 
more or less—implies that inside each cell and in the organism 
as a whole the cycles are never complete; that growth or 
degeneration is the rule over the life-span, a distant echo of 
the ‘'generation and corruption” that ruled according to Aris¬ 
totle in the sub-lunary sphere (p. 142). Further, the balance, 
as Claude Bernard pointed out, is within limits a stable one: 
the organism reacts so as to keep both its internal and external 
environment constant. It is only w'hen the limits are over¬ 
stepped and one type of change gets out of hand that the living 
cell or the organism ceases to function in a co-ordinated manner 
(or as we say dies). Even after this has happened many of 
its component parts, such as enzymes in the case of the cell, 
or whole cell in the case of the organism, are for the time being 
as effective as before. 

The essential feature for any one organism, while alive, is 
the sequence and co-ordination of processes rather than any 
architecture of inert matter. Taken over the whole of life on 
this planet, the importance of process looms even larger. In 
reproduction as in growth, but at a much slower rate, the cycles 
of processes are modified. The actual processes and the struc¬ 
tures which maintain them acquire their full meaning only 
when they arc seen as the product of a long evolution, in the 
first place a chemical evolution. 

The exploration of the nature of the fundamental chemical 
processes of living matter has begun only in the last decades 
and is at present in a very active phase of discovery. All 
these processes seem to be brought about by enzyme-co- 
enzyme systems. Indeed it would appear that most of the 
free protein molecules in cells are functioning as enzymes. 
The role of the co-enzymes, and particularly of the phosphorus 
containing nucleotides—the components of nucleic acid—seems 
to be of key importance. They seem to be the link between 
the energy-releasing, katabolic processes and the energy¬ 
absorbing and structure-building, anabolic processes.®*^®^ 

As we have seen, these enzyme-operated transformations 
occur in small energy steps and enable the organism to carry 
out very considerable chemical changes without any marked 
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rise in temperature. Life is^ in the words of Fernel/*®’ ‘‘ a low 
flameless fire (p. 452). The reactions occurring in organisms 
and in the chemical relations between organisms^ from mutu¬ 
ally beneficent symbiosis to outright ingestion or parasitism, 
form part of complex, linked, chemical systems. In the fully 
developed biosphere, as it has existed at least for the last 1,000 
million years, relatively few organic molecules are permanently 
set aside; but those that are, such as coal and oil, are of the 
greatest value to man. Most go round in endless cycles of 
transformation through plant, animal, and bacterium, back 
to plant again. The whole biosphere can be considered as one 
evolving biochemical system. There is no reason to believe 
that it is the only possible system of the kind in the universe. 
There may be other biochemical transformation systems on 
other planets, some less efficient, others more efficient than 

Ours.6*113; «.77 

Thermodynamics of living organisms 
The specific and controlled nature of energy interchanges in 
living systems, together with the rapid rate of flow of matter 
through them, go a long way to explain the apparent paradox 
that they seem to contradict the second law of thermodynamics, 
which demands that in every closed system the entropy, or 
mixed-upness, must always increase, or in other words that it 
becomes less and less ordered in time. Now organisms seem to 
maintain over short periods of time approximately the same 
degree of order over most of their lives. They actually 
increase it when they grow and reproduce, and lose it only 
at death. This was supposed to imply some divinely ordered 
or purposeful arrangement, but it is now seen as a simple 
consequence of the fact that a live organism is not a closed 
but an open system. For such systems, as Prigogine has 
recently shown, entropy does not increase; it merely tends to 
a fixed value. The second law of thermodynamics is in fact 
only a special case for closed systems. This knowledge removes 
any need to consider the thermodynamic aspect of the metabol¬ 
ism and growth of organism as anything specially vital, and 
does in the twentieth century for organic energy changes what 
Wohler did in the nineteenth for organic matter. It does not, 
however, solve the problem of life; it merely removes a pseudo¬ 
problem that had got mixed up with it. It leaves the essential 
problem, which is that of accounting for the origin and evolution 
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of the ceaselessly changing, but essentially recurrent, pattern 
of structures and processes that characterize living organisms. 

I i.^^MICROBIOLOGY 

The basic chemical nature of life can best be seen when it is 
not complicated by the elaborations of form and behaviour. 
Biochemistry in the twentieth century is at last beginning to 
unravel the secrets of the life of the smallest of organisms, of 
bacteria, yeasts, and moulds, and of the simplest of animals— 
the single-celled protozoa. The simplicity is one of form and 
structure alone; biochemically, as we shall see, they are at 
least as complex, if not more so, than the higher organisms. 
Strong incentive and support for their study have come both 
from medicine, in the treatment of the diseases they cause, and 
from industry, because of the chemicals and drugs they pro¬ 
duce, including the most important one, the universal drug, 
alcohol. Their contribution to agriculture is now also begin¬ 
ning to be studied, for on them depends in large measure the 
fertility of the soil. 

Biological warfare 

For the last ten years, however, the most intense and lavishly 
supported research in microbiology has been in the service 
of preparation for biological warfare—for purely defensive 
purposes.®*^^® The objective here is to grow, rather than to 
destroy, organisms with the maximum toxic capacity and to 
find means by the use of sprays, insect or other vectors, to 
ensure their most rapid and widespread dispersal. The pro¬ 
duction of such deadly germs as anthrax, glanders and 
brucellosis, has already been achieved in quantities of tens 
of tons—enough, if evenly distributed, to kill off the whole 
human race. Bacterial toxins are even more lethal, for in the 
case of some of them less than an ounce would have the same 
dread consequence. The organisms themselves seem to be 
favoured because of their capacity for multiplying in epidemics. 
Here, however, there is a serious difficulty. The epidemic 
efficacy of a germ can be assessed only in the field and against 
human subjects. It is this necessity that lends colour to the 
charges laid by Korean and Chinese scientists that such trials 
were in fact carried out in the Korean war.®-®^^ The very 
reluctance of people in Briteiin and America to believe these 
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charges is a measure of the abhorrence popularly felt for these 
methods of warfare. Nevertheless the protests against the con¬ 
tinuation and indeed acceleration of research and development 
of these weapons have not yet been effective. The United 
States Government still sustains its refusal to ratify the Geneva 
Convention of 1925^ which prohibits their use, and it is plain 
that if another world war were to break out the only deterrent 
to biological warfare, as of gas warfare, w^ould be fear of retalia¬ 
tion. Many scientists feel that this situation is intolerable and 
marks the ultimate degradation of science. This sentiment is 
even shared by those who themselves have taken part in bac¬ 
terial warfare preparations. Thus Theodore Rosebery, who 
was chief of the project at Camp Detrick, Maryland, USA, 
where 3,900 men worked during the Second World War at 
perfecting methods of attack and defence, writes in his book 
Peace or Pestilence: 

We can be reasonably sure of one thing. If World 
War III is allowed to come, biologists and men of all 
related fields, including physicians, will be called upon as 
never before to serve alongside physicists and other 
scientists as instruments of human destruction. I don’t 
know how they will manage to do so and still retain their 
integrity. Indeed, I can’t answer the question I have 
raised, and I suspect that it has no answer. It is a frag¬ 
ment of the larger question towards which this whole 
book is directed. Perhaps there are no fragmentary 
answers but only one: Let us have peace. 

Scientific organizations have also been active: the Sixth 
International Congress for Microbiology, held in Rome in 1953 
and attended by over 2,000 participants from all over the world, 
approved the following resolution by acclamation: 

The Sixth International Congress for Microbiology, 
confident of interpreting the thought of all microbiologists, 
expresses its view that the science of microbiology should 
have as its sole aim the welfare and progress of humanity ; 
that all microbiological research should be directed to this 
end; and that all countries should adhere to the 1925 
Geneva Protocol. 

The weight of scientific and public opinion will sooner or 
later succeed in checking this most flagrant distortion of the 
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aims of science, and restore the study of micro-organisms to its 
original purpose of fighting disease and helping agriculture and 
industry. 

Chemical versatility and adaptability of simple organisms 

We are only now beginning to glimpse at the possibilities 
of microbiology when it is approached by chemical methods. 
Much can be learned about the normal and abnormal life- 
processes of these minute organisms by growing them in solu¬ 
tions containing a variety of substances. The effects of these 
on their growth can be studied, and information can be 
obtained as to the transformations they undergo in the organ¬ 
ism by examining the products excreted into the medium. 
What emerges from these studies is that the morphologically 
simplest of organisms are of the highest chemical complexity. 
Indeed they are able to carry out any process that is achievable 
by higher organisms, and often many more. They seem to be 
like little chemical factories in which molecules are passed along 
the line from one enzyme to another to be incorporated into 
the organism as growth, to have energy extracted from them, 
and finally to be excreted as unusable remnants. Different 
organisms specialize on different processes, but, somewhat 
unexpectedly, the specialization appears not to be by any 
means rigid. The metabolism of simple organisms seems re¬ 
markably adaptable.***^® If one food molecule is not present 
they soon make use of another, and change many of their 
chemical processes in order to do so. This variability is often 
most annoying to us because it also works for anti-bacterial 
poisons, and many strains have now got used to sulpha drugs, 
and some even to penicillin. It is formally a kind of chemical 
learning, and once we have mastered its mechanism we shall be 
able to teach these organisms to make what we want. It shows 
a toughness and flexibility in primitive organisms that have 
enabled them to survive and evolve in the processes (p. 670). 

Viruses 

Moulds and protozoa arc relatively complex organisms with 
internal structures visible under the microscope. Even the 
simpler bacteria have characteristic forms and arc beginning 
to show internal structure in the electron microscope. All of 
them have quite an elaborate metabolism if placed in a suitable 
medium. There are smaller and simpler organisms, the viruses, 
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that lack even that. Among the viruses^ wc find a whole range, 
from the relatively large and complex animal viruses tliat 
cause such diseases as measles and smallpox to the very small 
plant viruses that cause the innumerable diseases of plants. There 
are viruses of even the bacteria themselves^ the bacterio¬ 
phages^ the last link we may imagine in the chain of the ‘ larger 
fleas having smaller fleas on their backs to bite ’em/’ In 
their action in causing disease, which can be transplanted from 
one organism to another and may even lead to epidemics, 
the viruses differ in no essential way from the bacteria; in 
fact they were distinguished from them only by their ability 
to pass through filters used to hold up bacteria and their 
invisibility under the ordinary microscope. Now that we 
have the electron microscope, viruses can be seen, and they 
appear for the most part as small round bodies much smaller 
than bacteria and, except for a few animal viruses, without 
apparent internal structure. 

Crystalline viruses 

The smaller plant viruses were found by Bawden and Piric, 
and by Stanley, to have rather extraordinary properties for 
a living organism—namely, they were crystalline, and the 
crystals of a virus differed in no important respect from those 
of proteins. This was borne out also by their study by X-rays. 
It is clear from the X-ray photographs that most of the atoms 
in viruses are not disposed irregularly, as one might expect in 
an organism, but are rigidly held in regular and symmetrical 
positions, as they are, for instance, in protein molecules. In 
other words, a virus is a chemical molecule, and at the same 
time it has many of the properties of a living organism. 

Viruses not primitive 

At first sight, but only at first sight, the viruses might be 
thought of as providing a link between the living and the non¬ 
living. Actually the chemical analysis of a virus dissipates 
this idea, as the virus is shown to be a protein, and not just a 
simple protein, but a nucleo-protein. These are proteins hav¬ 
ing associated with them nucleic acid, itself an association of 
the groups containing purines, sugars, and phosphoric acid 
that have already been discussed in relation to metabolism. 
Nucleic acid, as its name implies, is found in the nuclei of all 
cells, and not only there; it seems also to occur especially 
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abundantly where rapid protein synthesis is being carried out, 
particularly in relation to cell division and reproduction. 
Now proteins and nucleic acids are both organic products of 
high complexity; viruses cannot possibly be primitive organ¬ 
isms, rather they seem to be degenerate. Nevertheless the 
very fact that viruses can exist and reproduce, even if only in 
other cells, shows that the minimal functions of life, growth, 
and reproduction, which are all they perform, need no elaborate 
structure other than some biochemical minimum. This 
further implies that the other more physical functions by which 
higher organisms are known to us, such as movement and 
sensitivity, are secondary and were probably evolved later. 
Viruses, which have discarded such functions, if they ever 
possessed them, seem to manage with the most drastic struc¬ 
tural economy: they arc completely without organs and made 
out of one kind of chemical only. They can only multiply, 
which is all the “ living ” that they do, actually in the cells 
of other animals and plants. They cannot feed on less highly 
developed foods. 

Whether the virus is quite as simple as it seems is another 
question. It is still possible that viruses may turn out not to 
be independent organisms, but aberrant sub-units of the cells 
of higher organisms, performing in an uncontrolled way because 
they are in an unfamiliar environment. There is some evidence 
that when a virus gets inside a cell it unfolds, so that it can no 
longer be seen in an electron microscope, and that it then 
organizes some of the cell material round itself like the cyto¬ 
plasm around a nucleus. Indeed it may well be that what we 
study as viruses are only the dry spores or resting stages of 
viruses, and that their inertness and simplicity are only apparent. 

Autotropic bacteria 

At the other extreme in the scale of chemical behaviour, 
representing absolute independence as against complete para¬ 
sitic dependence, are the autotropic bacteria, such as those 
living in the soil and in hot springs, which can satisfy the whole 
of their needs with simple salts such as nitrates and sulphates. 
Some do not even require oxygen to live on, but make up for 
it by oxidizing and reducing iron and sulphur compounds. 
They a^e of considerable economic importance, as most of the 
sulphur deposits are made by them. Their extreme self- 
sufficiency shows that they must be much closer than the viruses 
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to really primitive organisms. Nevertheless they cannot be 
really primitive^ for they are completely sophisticated in their 
internal chemical equipment^ having not only all the enzymes 
that other organisms have^ but a few more necessary to deal 
with the simple substances on which they feed. 

It would appear that primitive bacteria have developed into 
other organisms having less, rather than more, chemical ade¬ 
quacy if taken separately. An autotropic bacterium can live 
in an entirely inorganic environment. All animals and many 
plants have lost some of these mechanisms, and are dependent 
on the environment for already organically prepared food or 
auxiliary food substances such as vitamins.®-^®® The more 
primitive of these organisms live simply on the products of 
decay or secretions of other organisms, which they ingest 
through their cell membranes. Others, slightly more advanced, 
have found a way of moving by means of mobile threads called 
cilia or flagella into regions where there is more food. Others, 
still single-celled, such as amoeba, have taken the next decisive 
step in actually ingesting pieces of food—cither living or dead 
matter; that is, in living effectively parasitically on other 
organisms. Now this tendency has a twofold effect. In the 
first place the mere availability of food derived from the 
bodies of other organisms, which contains many essential 
substances already formed, removes the necessity for many 
biochemical processes which the more primitive organisms 
require. They become therefore simpler chemically, but 
only by becoming correspondingly more complex organiza¬ 
tionally and functionally. They must be able to react to food 
situations and not merely vegetate; they must be able to move 
to where there is more food and have some way of catching it. 

The importance of size 

For this, size is an important factor. Small single-celled 
animals can manage quite well in their immediate neighbour¬ 
hood—they need no organs of movement to get around. On 
the other hand, if they grow bigger, the effort of getting around, 
and even more the business of taking in the food for the whole 
organism at one mouth becomes very difficult. There are 
two solutions, in principle rather different. One is for the 
organism to stay still and sweep the food past it; in a primitive 
way this is done by the sponges; in a more complicated way 
by oysters and barnacles. The other is to go after it; that is 
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the way of the fishes^ the reptiles, and finally ourselves. We 
have taken the still further step of actually persuading other 
organisms to produce our food through the processes of agri¬ 
culture. The general trend of evolution is away from the 
purely chemical existence of minute units to the use of increas¬ 
ing organization, co-ordination, and rationality. 

Biochemical evolution and the origin of life 

All these facts point to the extreme importance, as well as 
to the extreme antiquity, of the chemical organization of living 
things, and further to the existence of a chemical evolution of 
organisms which must have preceded the structure evolution, 
though it may not have lasted as long. To determine how long 
it took will need further refinements of geochemistry. So far 
we have a little evidence, from the proportions of occurrence of 
the sulphur isotopes, that biochemical life involving sulphur 
reduction did not occur before the upper pre-Cambrian, say 
800 million years ago. At the base of the Cambrian, 500 
million years ago, biochemically life must have been very much 
what it is now; the interval of 300 million years must have 
included both biochemical and morphological evolution.®*®^ 
These figures, however, are rough, and will require much 
independent confirmation. We shall never have direct evi¬ 
dence of this evolution. The indirect evidence is actually 
written in the chemical constitution and functioning of existing 
plants and animals, and it may well be discovered in the work¬ 
ing out of the biochemical chains of reactions they contain, and 
in finding by a logical process the order in which they must have 
formed in the evolutionary process. Biochemistry therefore 
provides a clue to the origin of life. Conversely the study of the 
origin of life is a guiding thread in biochemistry, just as that 
of evolution was in morphology in the nineteenth century.®* 

The world before life 

The problem of the origin of life can, of course, be approached 
from the other end, that is, from the nature of the world before 
life appeared. This is a matter of astronomy, geology, and 
particularly geochemistry. This new science grew up in re¬ 
sponse to the much wider needs of twentieth-century industry 
for rare metals, for even before the discovery of the importance 
of uranium, other rare metals, such as vanadium and ger¬ 
manium, were in demand, and their distribution provided a 
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problem to ingenious geologists and chemists such as the great 
V. M. Goldschmidt in Norway and Vernadsky in the Soviet 
Union. 

In the physical evolution of a cooling planet a hydrosphere of 
rivers and seas would inevitably be formed. The first phe¬ 
nomena of life must have occurred in tliis hydrosphere where 
water and mud were being acted upon by sunlight. It is in 
this period that there must have accumulated the simple 
carbon and nitrogen compounds out of which organisms are 
formed. There may have been no precise beginning of life. 
In the active equilibrium brought about by the continuous 
transformations between one chemical and another^ certain 
cycles may have become established which were self-perpctuat- 
ing—molecule A making molecule B and so on till molecule Z 
makes molecule A again. At this stage^ in the biochemical 
sense, the whole medium might be said to be alive, though no 
organisms existed. But such life would obviously always be 
liable to dissolution. Only when large polymer molecules 
were produced—proteins or their precursors—could these little 
worlds of chemical processes pull themselves together, cut them¬ 
selves off from the surrounding water, and become the first 
organisms from one of which all later life is descended. This 
may have occurred in some of the ways indicated thirty years 
ago by Oparin and Haldane.^*'^^ 

Spontaneous generation 

It is a curious commentary on the change of mental attitude 
in the last century that whereas loo years ago it was considered 
of vital importance to prove the existence or the non-existence 
of the spontaneous generation of life, now the self-generation 
of life on the planet is something that is taken for granted and 
arouses no particular excitement. We now know that the 
ideas of those who wished to prove spontaneous generation 
100 years ago were, in fact, far more absurd than the dreams of 
the alchemists. At the same time we also know that the prob¬ 
lem is not an insoluble one. Its solution is simply much more 
difficult than we imagined and it will have to be tackled in 
quite a different way. 

The utilization of biochemical processes 

It is indeed unlikely that we shall be able to create life 
artificially. What is much more likely, and what may even 
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be achieved in a few years^ is the effective carrying out of many 
of the functions of life for our own benefit by purely artificial 
means, particularly that essential function the photosynthesis 
of organic materials. If we could use the sunlight which strikes 
the earth today and turn it directly into human food without 
the intervention of plants, a major underlying problem of world 
economics would be solved at a stroke, and the possibility of 
an unlimited expansion of the human race would be assured. 
Here again we can sec the link between the acquisition of 
knowledge and that of power. Before we can hope to repro¬ 
duce any of the characteristics of living organisms we must 
first understand how the living organism manages itself; and 
that will mean a great deal of research, most of which will be 
directed not at solving that problem but simply at finding out 
the relations which may later be used for solving it. 

BIOCHEMISTRY IN MEDICINE 

Now, as has already been pointed out (p. 602), the original 
impetus for biochemical research came from medicine. As 
physiological chemistry it became important in the twentieth 
century, largely because it marked the second stage of the great 
medical revolution heralded by Pasteur’s work in the nine¬ 
teenth. The early bacteriologists were content to proceed in 
a purely biological way, using for remedies vaccines or anti¬ 
sera prepared from the bacteria themselves. Later the desire 
to obtain more certain results led to a deeper study of the chemi¬ 
cal mechanism of tliesc treatments. This blended with another 
stream of research which emanated from the study of de¬ 
ficiency diseases and of disorders of metabolism, which were 
also found to have a chemical basis. Biochemistry was the 
common link that bound them all together. 

The more scientifically disease is studied, the more does it 
appear that it is associated with abnormal biochemical be¬ 
haviour of cells and tissue fluids, with an interference with 
the balanced equilibria of molecular transformations that we 
call living. The interference may be gross, as when an injury 
or a swelling breaks some vital connection and cuts off supplies 
completely, as in gangrene and pneumonia, or it may be insidious, 
as in the degenerative changes producing diabetes. The body, 
or any part of it, is said to be diseased if it lacks some chemical 
it needs or acquires some that interfere with its working. 
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Apart from purely mental afflictions^ all diseases are in the 
last resort due to starvation or poisoning. They fall into groups 
according to how the poison enters or why the needed sub¬ 
stances are absent. These four groups are not exclusive^ 
because one may lead to another and^ unfortunately, it is 
possible to have all of them together. They arc: (i) the 
infectious or parasitic diseases; (2) the diseases of deficiency, 
external and internal; (3) the diseases of faulty tissue-growth 
or cancers, which may well, when we know more of them, 
prove to fall under group (2); and finally (4) the diseases 
in which mental disturbances of social origin may upset the 
chemical balance of the body. In the prevention and cure of 
diseases in all these groups, but especially in the first two, there 
have been spectacular advances in this century, and most of 
them in the last two decades. 

This classification of disease was made provisionally here to 
bring out twentieth-century advances in the understanding and 
control of disease through the use of biochemistry. It is not 
intended, however, to give the impression that disease is merely 
the upset of a chemical balance in the body, to be put right 
by a specific chemotherapeutic substance, or in plain language 
by a new medicine out of a bottle. This advance is neverthe¬ 
less an important one. It has enormously helped the battle 
against disease by providing the doctor with new tactical 
weapons, but it is no substitute for the general strategy of a 
long-term campaign for health. For this involves the whole 
human being and his economic and social environment. 
Good food, clean work, companionship, and an active and 
reasonable faith in the future are the basic essentials. Without 
them, all the triumphs of biochemical science are mere pallia¬ 
tives ; with them, they provide more and more successfully against 
contingencies of external infection or internal deficiency. 

Antibiotics 

In dealing with infectious diseases where the cell-poisons are 
produced by foreign organisms living in the body, twentieth- 
century medicine, while maintaining and refining all the 
methods of Pasteur, has moved one stage further. It is still as 
necessary as ever to prevent germs and parasites entering the 
body, but now they can be dealt with increasingly successfully 
even after they have done so. The attempt to do this has given 
an enormous stimulation to the study of the direct action of 
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specific chemicals on micro-organisms and on their hosts^ 
particularly man. Although the original motive has been that 
of conquering disease^ one very important^ and certainly far 
more generously financed, motive for these studies has been 
that of causing disease, either by poison gas or now by radio¬ 
active poisons and mass bacterial attack. 

Ever since Pasteur discovered bacteria there was always 
the hope that some chemical could be found that would kill 
the bacteria inside the patient without also killing the patient. 
Where the infective organisms were of a kind very susceptible 
to chemicals, such as the trypanosomes of sleeping sickness or 
the spirochactes of syphilis, there was some hope that simple 
inorganic compounds, especially those of the heavy metals, 
might have a good effect. This had already been found to be 
so in the nineteenth century (p. 460), but the common run of 
diseases caused by bacteria had proved much more recalcitrant. 

The first success was arrived at by trying to see whether 
chemicals that would dye bacteria for recognition purposes 
could also be used to track them down in the body and kill 
them. This was the origin of the first group of chemo¬ 
therapeutic substances, the sulphonamides, first produced in 
1932 by Domagk. 

Penicillin 

It was not long after that the epoch-making discovery of 
penicillin was made. This discovery is an extremely good 
example of the strength and weaknesses of scientific organiza¬ 
tion in the twentieth century. Fleming in 1928 noticed that 
some of his bacterial cultures were being eaten away at various 
spots, and was a good enough observer to note that this was due 
to the appearance of a mould on his slides which seemed to be 
giving off some substance which killed the bacteria. The 
mould was wrongly identified by the mycologists, and for about 
ten years nobody thought it was worth following up. This 
docs not mean that no one would have been interested in this 
observation if they had known of it; on the contrary, there were 
very many people looking for any non-toxic substance that 
would destroy bacteria. What was lacking was an organization 
to search for and develop any promising openings. It was not 
till ten years later, when Florey and Chain, stimulated by the 
success of the sulphonamides, started a systematic search for 
natural antibiotics that Fleming’s observation was put to use. 
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The great efficacy of extracts from Penidllium noiatum led im¬ 
mediately to a concentrated chemical attack to separate the 
active principle, and to show that it was poisonous only to 
bacteria and not to their hosts. The experiments on animals 
were so promising that efforts were made to prepare enough 
of the drug for the treatment of human beings. This was 
necessarily something of a gamble, because the value of the 
drug could be proved only if enough could be got to follow 
through serious cases to complete recovery, and then to treat 
enough additional cases to show that it was not just luck. 

By the time the clinical value of the drug was proved the 
War came, and the subsequent stages of its purification and 
large-scale preparation were rushed through at a rate that 
could never have been achieved in peace-time. It was a 
concentrated effort in the fields of chemistry, biology, and 
medicine, on a scale of brain-power comparable to that devoted 
to the atom bomb. It was a hurried job, employing probably 
far more scientific workers than were strictly necessary, but 
it was done. Had it been left to go the slower way many man¬ 
hours would have been saved, but thousands of people would 
have died. It is also by no means certain that, but for the 
War, penicillin would ever have been developed at all. It did 
not seem particularly promising at first, and it would have 
been difficult to raise the funds to push it to the point of 
proved value. After penicillin had been made, three further 
tasks remained to be done: to find out what it was; how to 
synthesize it; and how it worked in destroying bacteria. The 
first was accomplished in 1944: the discovery of the detailed 
formula of penicillin was largely due to the use of X-ray tech¬ 
nique; the second has so far baffled the chemists; on the 
third some advance has been made. It is by far the most 
important task of all, to find the mode of attack of a chemical 
molecule on a bacterium, because once that is found it should 
be possible to design a molecule that works as well or better, 
and is far easier and cheaper to make. There is some evidence 
now that the efficacy is due to the molecule of the antibiotic 
being very but not quite like that of the normal food of the 
bacterium, so that it is taken in and jams the works. 

Chance and plan in scientific advance 
The discovery of penicillin is often used to prove that im¬ 
portant discoveries come by chance. The answer is that the 
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particular combination that does the trick does come by chance;, 
but that chance is multiplied by providing opportunities for 
discovery in the first place, and opportunities for development 
by interested people in the second. Once penicillin was dis¬ 
covered it was relatively easy to search through Nature for 
other substances which might have the same or better effects, 
and a whole new field of antibiotics was opened—streptomycin, 
aureomycin, Chloromycetin, etc., etc. Even now, however, the 
hunt for antibiotics resembles a gold rush rather than a properly 
conducted scientific prospecting operation. The scientists and 
the pharmaceutical firms backing them are so keen on getting 
out a new antibiotic that they sacrifice the possibility of funda¬ 
mental discoveries as to the genesis and mode of action of anti¬ 
biotics in a feverish search among a large group of organisms 
for anything that will work. It is characteristic of the attitude 
of monopoly capitalism towards discovery that, whereas all 
the work on the production of penicillin in the first place was 
carried out by British doctors and research workers, who 
published their results freely, the actual manufacture of 
penicillin is covered by US patents, and thus every unit of 
penicillin used in the country of its origin has to pay royalties to 
American chemical firms. 

The origin of deficiency diseases 

The main outlines of the problems of the second group of 
diseases have already been given in the discussion on vitamins 
and hormones, the discovery of which was one of the major 
achievements of twentieth-century biology (p. 608). From 
these studies a more general picture of the chemical behaviour 
and control of organisms is beginning to emerge. The higher 
animals and plants have evolved from simple forms that were 
probably as generally competent chemically as bacteria are to¬ 
day. They could make all the complicated substances they 
wanted from simple inorganic molecules. When the organisms 
got more complicated some of their cells ceased producing 
many specific substances—mainly co-enzymes like vitamin 
B, or nicotinic acid—as well as some more complicated hor¬ 
mones such as insulin. This did not matter, as they had also 
evolved circulation systems, so that a few cells specializing in 
their manufacture could make enough for the whole organisms. 
Animals and some plants like the fungi went further: they 
took in organic matter wholesale as food, vitamins and all, so 
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that they no longer needed to make them themselves. No 
harm resulted as "long as the food supply was adequate and 
nothing went wrong with the groups of specialized cells or 
glands. But if either happened, the other cells, which had 
lost the chemical elasticity of simple organisms, were increas¬ 
ingly damaged, and ultimately the weakest of them would 
give way and the whole animal would die. 

Chronic disease as metabolic deficiency 

After the successes early in the century of the understanding 
and cure of such external deficiency diseases as scurvy (vitamin 
C) and beriberi (vitamin B), and internal deficiency diseases 
such as goitre (thyroxin) and diabetes (insulin), it began to 
be apparent that a very large number of chronic diseases were 
deficiency diseases, though in some cases the deficiency might 
be the effect of earlier infection. This was a challenge to 
track down the missing substance that could counteract them. 
The latest successes have been in pernicious anaemia (vitamin 
B12) and arthritis (cortizone and ACTH). There is some reason 
to hope that the general tissue and arterial hardening that leads 
to heart disease and cerebral haemorrhage may also be checked 
by an appropriate hormone, which may indeed be related to 
the elastase of the pancreas.*^- 

Success in this field may be as important in the twentieth 
century as that in the case of acute infectious diseases in the 
nineteenth, particularly as the diseases are predominantly those 
of later life. In modern industrial populations a larger pro¬ 
portion than ever before are elderly, and, if age could be freed 
from the disabilities and premature deaths due to chronic 
disease, human happiness and eflectiveness would be enormously 
increased. In actual life diseases do not fall so neatly into 
categories. Infections produce deficiencies, deficiencies make 
the subject more liable to infection. Both are affected by 
housing and working conditions and by psychological and 
social influences. The problems of health will always remain 
much greater than anything medicine or biochemistry alone 
can do to solve them. Yet without biochemistry no serious 
solution is possible. 

A biochemical industry 

The successes of biochemistry in medicine and agriculture 
have now, by the middle of the century, given rise to a new and 
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important industry, that of fine chemicals (p. 460). And what 
we have seen is only a beginning. Enormously more could be 
done, and done quickly, by devoting far greater effort to 
chemotherapy research and by building on it an industry 
which, more than any other, ought to be under public owner¬ 
ship, for it holds the health and lives of people in its hands. 
Such an industry would not operate merely by conventional 
chemical means: it would necessarily tend to become more and 
more microbiological, linking on the one hand with the tradi¬ 
tional brewing and baking industries and on the other with 
agriculture. 

THE STRUCTURE AND DEVELOPMENT OF 
ORGANISMS: CYTOLOGY AND EMBRYOLOGY 

Biochemistry approaches life from the molecular level, and 
it was for that reason a very late-comer into biology. It is 
only in the last fifty years, and largely through the study of 
enzymes, that chemistry has begun to be an effective way of 
approaching biological problems. The earlier contacts be¬ 
tween biology and chemistry were invaluable aids to the 
progress of chemistry but made little contribution to biology. 
The arguments used in Darwin’s Origin of Species did not depend 
on any chemical knowledge. The biochemical approach has 
by no means superseded the older direct approach to the 
study of organisms, rather it has served to supplement them and 
assist in their interpretation. The methods of observation and 
dissection have also, in the twentieth century, made enormous 
advances, pushing forward step by step the limits of microscopic 
vision. First by observation alone, and later by observation 
combined with experiment, the inner structure of the cells was 
gradually elucidated. The nucleus with its chromosomes, and 
the cytoplastic inclusions such as the mitochondria and plastids, 
were all studied, both in the resting cell and much more clearly 
in the dividing cell. Interest in them was enormously increased 
in 1910 when Morgan showed that the chromosomes of the cell 
were closely connected with the inheritance of specific characters 
already forecast in Mendel’s statistical tlieory of heredity. 

New microscopes 

The development of physics had in the meantime brought 
into existence a number of new instruments. The old optical 
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microscope had remained relatively static for the sixty years 
before 1940, Now a new and far more powerful microscope 
was available in the electron microscope (p. 550); but more 
immediately useful were the new modifications of the ordinary 
microscope, which were actually stimulated by the competition 
of the electronic instrument. The most important of these 
were the phase and interference microscopes, which enabled 
cells to be studied alive when previously they had to be killed 
and stained; and next came the new ultra-violet and infra-red 
reflecting microscopes, which brought out detail not otherwise 
visible and could also be used to study the chemical composition 
of cell structures. 

These show the cell to be an enormously complicated but, 
at the same time, ordered structure. But our knowledge of it 
is still in the Copernican or Keplcrian, certainly not yet in the 
Newtonian stage. We can observe what is visible in the cell, 
we can observe too the chemical and morphological changes that 
go on in the organisms composed of those cells, but the connection 
between the two still eludes us. Merely to state that there is a 
connection, that characters of the animals are contained in the 
chromosomes of the cells, is not in itself an explanation. If 
accepted at its face value it may limit research to the pursuit of 
further examples of the validity of genetic rules (pp. 664 f.). 

Ce// division and growth 

One of the most important parts of cytology is the detailed 
study of reproductive cells, of fertilization and the multiplica¬ 
tion of cells to form a new organism. The interest in the 
growth of an animal from die egg has gone right back to the 
origins of science itself. William Harvey in his On the Generation 
of Animals may be considered its founder in modern times. For 
many years the scientific world was divided into two opposing 
schools: on the one hand there were the preJormationistSy who 
believed that the whole organism actually existed in the egg; 
so that the whole of the human race from the time of Adam was 
contained, rather like the series of Russian dolls, one inside 
the other, only waiting to be unfolded or evolved. On the 
other hand there were the epigeneticistSy who considered that 
every organism was made afresh through the action of a forma¬ 
tive spirit.*- The persistence of the preformationist view, with 
its support for the theory of the eternal fixity of species, was 
later to be a powerful factor in holding back the acceptance 
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of the idea of evolution. It is still to be found in the doctrine 
of adaptively invariant genes. 

Another version of the same quarrel was taken up again 
towards the end of the nineteenth century between the mechan- 
istSy who wished to show that the growth of every individual 
was completely determined from the egg onwards^ and the 
vitalistSy who considered that every part of the egg had the poten¬ 
tiality of growing, through the influence of some formative 
agents into the whole organism. The latter scored a success 
v/hen Driesch (1867-1941) showed in 1891 that a sea urchin’s 
egg divided in two gave rise to two complete larvae^ not to 
two half larvae, but the mechanists scored when Loeb (1859 - 
1924) showed in 1900 that it was possible to induce an un¬ 
fertilized egg to produce a complete organism by subject¬ 
ing it to chemical treatment. Some of these contradictions 
were removed when Spemann, Holtfreter, and Mangold 
demonstrated in 1931 that certain chemical or mechanical 
stimuli, when applied to an undifferentiated egg, were capable 
of inducing the formation of the organism as a whole; while 
others, acting only at a later stage when the organism had 
begun to grow, were capable of producing various parts of it, such 
as an eye or a limb and even supplementary eyes or limbs.®* 
The nature of these organizers is still obscure. They may have 
some analogy with the sex hormones, which had been found to 
induce the secondary sexual characters at puberty, and indeed 
these changes may be considered as embryonic changes which 
are delayed until a much later stage in individual development. 

These studies of chemical embryology seem to show^ that 
the general development of organisms must be controlled, as 
much as is their normal and abnormal metabolism, by chemical 
factors. The problem as to what determines the successive 
appearance of the different organizers or hormones at different 
stages of development still remains. Where in the organism is 
the clock of development for both the non-cyclic growth and 
the cyclic sexual changes ? That the device is a very primitive 
one is clear from the fact that it is universally distributed and 
is just as apparent in plants as in animals. 

Tissue and organ culture 

Throughout the century there has been an increasing drive 
towards an experimental study of growth and differentiation 
on all levels. From the study of the growth of eggs and embryos 
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it has passed to that of higher organisms, with tJie mastery of the 
techniques of all tissue and organ culture by R. G. Harrison 
in 1907 and by Fell in 1928. These studies have shown that^ 
even after removal from the body;, cells continue to grow and 
divide and for the most part retain their characters. Muscle 
cells remain muscle^ bone cells grow as bone. There seems to 
be an internal regulating system of a chemical nature that con¬ 
trols the growth of cells in healthy animals, and prevents them 
getting in each other’s way. 

Cancer 

These studies are now undertaken largely under the impetus 
of the attempt to deal with the third group of diseases, those of* 
unregulated growth. Under the general name of cancer they 
have become an increasing te rror to mankind, particularly to 
those in industrial civilizations, where the greater average age 
exposes a larger proportion of the population to their attack. 
Now, the cancers differ from the other diseases in that they are, 
at least in their initial stages, strictly localized. They are 
diseases of cells which are transmitted from cell to cell and seem 
to spread throughout the body, mainly by the transport of 
cells, the multiplication of which forms the tumours character¬ 
istic of the disease. It is not so much the cell as a whole but the 
nucleus of the cell that seems affccled, leading to irregular cell 
divisions which arc generally exceptionally numerous. 

A cure in the medical sense for cancer is not yet in sight, 
apart from such successful surgical intei'vention as removing 
the affected part when that is possible. Nevertheless, knov/- 
ledge of the nature of cancers is advancing in such a way that 
it seems likely that some definite control may be achieved in 
the fairly near future; but only if research and application of 
research on cancer arc carried out in a far more vigorous, 
orderly, and scientific way than they are at present. It is of 
course very natural that with such a terrifying disease efforts 
should be directed primarily at curing and secondarily at under¬ 
standing what is happening, but this is a short-sighted view. 
Control and understanding are equally essential. “ Practice 
without theory is blind, theory without practice is sterile.” 

New lines of attack 

Three lines of fundamental research seem to be converging 
on the solution of the cancer problem. For a long time cancers 
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have been known to be produced by certain chemicals: the 
original observation of John Hunter (1726-97) in the eighteenth 
century on the cancers of chimney-sweeps pointed to tar pro- 
ductSj and these have been identified. Similar agents arc 
suspected in the apparent connection between smoking and 
cancer. If cancer can be caused by chemicals it may well be 
cured by them. The real problem is to get the chemical to the 
place where it will be most effective against the cancer cells 
without damaging the healthy ones. A solution which has been 
used without much understanding for a long time is treatment 
with X-rays and radium. It now appears from the work of 
Lea, Bonet-Maury, Magat, and others that these radiations do 
not act directly, but by producing powerful chemical radicles 
such as OH which arc more effective in attacking rapidly divid¬ 
ing cells than normal oncs.®*'-^® A more rational approach 
along this line may furnish one solution to the cancer problem. 

Secondly, the compounds producing cancers are closely 
related to some of the hormones, particularly the sex hormones, 
which themselves produce cell multiplication; and one type 
of cancer at least, cancer of the prostate in man, has been actu¬ 
ally cured by the application of such sex hormones. Thirdly, 
cancer is very closely related to certain kinds of virus disease; 
in fact it is difficult to find where virus disease ends and cancers 
begin, especially in some animal cancers. Thus the study of 
cancer is closely linked both with biochemistry, cytology, and 
with the study of viruses; and only by a very much greater and 
planned research effort in all these fields, without any necessary 
relation to the cancer problem, is its solution confidently to be 
looked for. 

11.6 —ORGANISM AS A WHOLE AND ITS 
CONTROL MECHANISMS 

One of the major struggles between the mechanists and the 
vitalists which came to a head in the twentieth century was the 
concept of an organism as a whole. It is another aspect of the 
old conflict dating right back to Greek times between form and 
matter. The Pythagorean-Platonic view was that each organ¬ 
ism, as an individual, must have a something corresponding to 
that individuality, a soul, psyche, or breath of life (p. 124). This 
is an old magical idea rationalized by the Greeks and trans¬ 
mitted by the Arabs into modern science. Those, like the 
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primitive Buddhists^ who saw no evidence for the existence of 
souls wished to find some other coherent reason for the unity 
and apparent purpose of an animal. The solution that 
naturally suggested itself in the Renaissance and was ardently 
championed by Descartes was that animals were machines. 
Men of course were dificrent: they possessed a rational soul 
implanted by God (p. 308). 

Vitalism and mechanism 

In modern science the difference between these two views 
was philosophically fundamental. Belief in a soul furnished 
an explanation of behaviour, satisfactory in itself, which did 
not require furth(T research, since any action of the body as a 
whole was put down to the activities of the soul which, as 
spiritual, were beyond scientific investigation. To explain it 
without a soul, liowever, required a far more careful analysis 
of the operation of the body machine and called for experi¬ 
mental investigation. In practice, the difference was more 
apparent than real; the vitalists, although for their o\vn sakes 
not requiring explanations, needed to study living organisms 
in order to show that the mechanists’ interpretation of their 
workings was faulty, and were continually issuing challenges 
which acted as a powerful stimulus to further discoveries by 
the mechanist school. The fact was that in the seventeenth 
century, and almost to the end of the nineteenth, knowledge 
of the physiology of animals had not advanced far enough to 
provide any really rational explanation of how the animal 
worked as a whole, and therefore left the door open to the 
spiritist type of explanation (p. 272). 

Twentieth-century research has gone far to provide a 
rational and material one. The maintenance of the vital 
functions of animals’ respiration, digestion, excretion, had been 
considered by the Ancients as the concern of an inferior 
vegetative soul, in contrast to the nobler animal soul that 
directed outward movement (p. 161). Until the nineteenth 
century no better explanation could be offered, and even now 
much of the picture is still obscure. Nevertheless by observa¬ 
tion and experiment much has been made clear. 

Respiration and digestion 

To the older impulse from medicine has been added in 
recent years a new drive, arising from the need to cope with the 
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abnormal conditions which some individuals have to face in a 
mechanized and militarized world. The limits of resistance 
of the body to the pressures of deep diving and the anoxia 
of high flying or mountain climbing led to intensive research 
on the function of respiration^ financed largely from State 
funds^ concerned with the survival of trapped miners or of 
submarine and air crews. J. S. Haldane (1860-1936) and his 
son J. B. S. Haldane, by quantitative measurements and heroic 
experiments in which they were their own subjects/*explored 
the limits of human tolerance of different gas concentrations 
and provided a rational picture of how the body copied with 
the considerable variations which were tolerated. It proved 
to be so complex^ involving lungs, hearty nerves^ and brain^ 
that J. S. Haldane was driven to accept a supernatural explana¬ 
tion^ though his son found it equally compatible with 
materialism. 

The study of digestion, carricxi on in a desultory way over the 
centuries, received two new impulses: one% already mentioned, 
from biochemistry, the other from expcaamental physiology. 
Biochemical metliods resolved the successive breakdown of 
food materials by tin* enzymes of ptyalin, pepsin, and trypsin, 
the absorption of the ])roducts of digestion by the intestinal 
mucosa, and their latc'r transformation and storage in the liver. 
These are all detailed chemical activities w^hich can be studied 
in isolated preparations. For their co-ordination it is necessary 
to take th(‘ w^hole animal, 

Pavlov 

This is what Pavlov (1849 -1936) did in 1897, inaugurating 
a new era in physiology. This was not just because he observed 
and experimented; here Pavlov was following Spallanzani 
(1729 -99) and Beaumont (1785-1853). It w^as rather in 
planning and carrying out the new kind of systematic, quanti¬ 
tative, physiological investigation of which he was the pioneer. 
Pavlov’s genius lay in his ability, while using experiment to 
find an answer to a specific question, to notice and follow^ up 
a side reaction. It was thus that he was led from a determina¬ 
tion of the rate of secretion of gastric juice to the discovery of 
the conditioned reflex, of which more later. He established 
that digestion was no mere chemical cookery in the stomach, 
but a highly complex interaction of the whole animal to the 
stimuli from the stomach, the mouth, the nose, and the eyes, 
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mediated by connections with both the central and the sym¬ 
pathetic nervous systems. The unity of the organism is built 
into its structure, itself a product of long evolution. 

Advances of the same kind, involving clinical, experimental, 
and biochemical studies, have been made on other bodily 
functions, only to reveal ever more complex interactions. This 
revelation of complexity is not a step backward, for each new 
discovery increases understanding and control. Thus, for 
instance, in his studies of the comparative biochemistry of 
excretion, Needham has demonstrated the evolutionary 
sequence. Nitrogen is excreted as ammonia in simple water¬ 
living animals, where it can easily wash away. In most larger 
animals, including mammals, it is excreted as the relatively 
insoluble urea, which can be stored without damage to 
tissues. The final stage is the production, in reptiles and 
birds, of almost insoluble uric acid, which, he suggests, was 
evolved to save the very limited water supply available for their 
development inside eggs. 

Endocrinology 

The most significant of all the recent advances has been the 
study of the action of the endocrine organs—the ductless 
glands which pi'oducc the hormones, already discussed (p. 625). 
These glands are not isolated units; they respond themselves 
to other chemical and nerve stimuli; they arc the chemical 
regulators of the whole body. They are concerned not only 
with normal maintenance and growth, but also with response 
to internal and external stimuli. One of the first of such 
actions to be observed was that of the hormone adrenalin, 
liberated under conditions of fright or anger, which stimulates 
the whole body to an effective response, flight in the one case, 
combat in the other. 

Further research, particularly on the sex hormones, shows 
that the chemical control mechanisms are far more complicated. 
Each different hormone not only has its specific action, but it 
also reacts with other hormone-producing glands, and stimulates 
them to increase or to decrease their own hormone production. 
Indeed, there seems to be a general hormone or endocrine 
system, directed chemically from the pituitary gland at the base 
of the brain, which can send out separately some dozen different 
hormones affecting other glands in different parts of the body. 
Moreover the nervous and endocrine systems are in constant 
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and complex interaction. Hormones affect emotions and in 
return emotions affect hormone production. 

It would appear as if the body possesses two communication 
systems which duplicate each other, the slow postal system of 
chemical messages and the rapid telegraph of the nerves. The 
latter may be a secondary development, or both may have 
evolved side by side. In any case it is becoming apparent that 
the functional unity of the organism is not due to a simple 
mechanical juxtaposition of parts. The reason for invoking 
primitive directing entities, souls or entelcchics (p. 2712) was 
to try to account for its behaviour in terms of the hierarchy of 
society, effectively class society, as the fable of the revolt of 
the stomach in Shakespeare’s Coriolanus show's us. Modern 
science cannot consistently make any use of such ideas; it 
must strive to unravel the structures and processes that 
secure the unitary functioning of the organism in its environ¬ 
ment, and to account rationally for it in relation to its 
evolution. 

The activity of the nervous system 

So far we have spoken only of the relatively slow vegetative 
processes of organisms. In their immediate reaction to their 
environment the complex of sense organs, nervous system, and 
muscles are invoked. The study of this system reaches, as we 
have seen (p. 132), right back to the very origins of science, but 
twentieth-century researches have taken us a great step forward 
in understanding it. By the end of the nineteenth century the 
nervous system of man and of many different types of animals 
had been mapped anatomically, and its main connections had 
been established by observation of local failures of movement 
and sensation associated with diseases or injuries to its various 
parts with the aid of animal experiments. It had been showm 
to consist in man and higher vertebrates of a central nervous 
system, stemming from the brain and responsible mainly for 
conscious sensation and voluntary movement, and less cen¬ 
tralized sympathetic and parasympathetic systems, responsible 
for the considerable but unconscious movements and secretions 
of the inner organs. 

The electrical nature of the nerve impulse 

Nevertheless how nerve messages were transmitted and how 
they were integrated were still very largely unknown at the 
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beginning of the twentieth century. Without modern bio¬ 
physical and biochemical methods it would indeed have been 
impossible to understand anything of the essential structures 
and processes involved. Adrian and others, using electronic 
amplifying systems, were able to demonstrate in the years 
after 1926 that the nerve signal consisted of pulses of electric 
potential all of the same strength but whose frequency, up to 
a definite limit, was proportional to the strength of the initial 
stimulus. Nerves therefore could transmit only information 
as to the quantity of an impulse, and its peculiar quality, such 
as colour, tone, or feeling, had to be inferred from the position 
of the channels along which the message was sent. 

This analysis has had an enormous effect and will have an 
even greater one on our understanding of thought and con¬ 
sciousness. A large number of nerve messages never reach 
consciousness at all, but they arc not uncoordinated. Many 
are associated together in reflex arcs, where a certain sensation 
generates automatically a certain movement. One of the great 
achievements of the twentieth century was the w^ork initiated 
by Pavlov in 1897, which showed that these reflexes were not 
entirely independent of the mind, but could be attached to each 
other and modified by consciousness.®*^^” The experimental 
study of conditioned reflexes marks the highest level of the 
approach to psychological processes starting from the physical 
plane. 

The movement of electrical action potential in a nt‘rve 
impulse has more recently been shown by Buchthal, Hodgkin, 
and others to be essentially due to the propagation of a state of 
electrical polarization along a membrane through the transfer 
of metal ions from one side to the other. The operation of 
nerve impulses in generating movement or in receiving sensa¬ 
tion has on the contrary been shown to be essentially chemical. 
As Dale and Dudley showed in 1929, at a nerve ending or at a 
synapse connecting two nerves the arrival of an electrical 
impulse liberates a chemical—adrenalin or acetyl choline— 
which in turn stimulates the cell which is to pass on the 
impulse. 

Nerve connections and electronic systems 

It is through the interconnection of nerve impulses, especially 
in the brain, that the study of biology is becoming more and 
more closely linked with that of advanced physics, particularly 
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elcxtronics. In 1928 Berger detected the passage of waves of 
electric potential between electrodes placed on the head of a 
patient. Ihis led to the development of even more sensitive 
electro-encephalographsy which are of great value in the diagnosis 
and treatment of brain diseases such as epilepsy. It is also^ 
in the hands of investigators like Grey Walter^ beginning to 
throw light on the electrical occurrences that accompany per¬ 
ception and thought.®*®® 

Much has been learned from the study of the brains of simpler 
creatures. The study by J. Z. Young of the brain of the 
octopus^ the most intelligent of molluscs, is beginning to reveal 
something of the connective pattern which transforms the 
impulses derived from the sense organs into muscular con¬ 
tractions which determine movement.®* 

Here it has been difficult to avoid the analogy between the 
brain and the servo-mechanisms and computers now being 
developed so rapidly by electronic engineers (p. 549). There 
we find three principal formal elements: the coder, which 
translates incoming messages into a form usable by the machine; 
the machine itself, including a memory for retaining information 
not immediately usable; and the decoder, which translates the 
machine messages into some external action. These correspond 
roughly to the se 7 ise organs, brain, and musculature or other 
effector organs. It would appear that the electronic computing 
machines themselves arc extremely simplified versions or 
analogues of structures and active connections already well 
established in the brains even of quite primitive animals, which 
arc raised to a far higher degree of complexity in the human 
brain. No one, for instance, can yet design a machine that 
would do what we do quite automatically in the act of recog¬ 
nizing the continuity of an object when it is turned around or 
moves closer to us or further away. In principle this is a circuit 
mechanism for the recognition of a complex signal allowing a 
certain tolerance for distortion. This docs not of course mean 
that the brain is a computing machine, any more than the eye 
is a camera. It does mean that we can learn much from 
the analogies between natural systems which have evolved 
over a long period of time, and have acquired a greater per¬ 
ception and more accurate analysis of their environment and 
consequently a greater control over it, and artificial systems 
deliberately designed to extend man’s capacities in both these 
directions.®*®® 
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Animal behaviour 

A different approach to the problems of the inner co¬ 
ordination of animals was developed largely in the twentieth 
century by the scientific study of animal behaviour. Thanks 
mainly to Pavlov, this has been brought into relation with the 
study of nervous mechanisms. The behaviour of animals 
has been studied by man for an enormously long period, perhaps 
most intently in the Old Stone Age, when man was beginning to 
hunt them, and at the beginning of the new Stone Age, when 
they were being tamed for the first time. After then such 
knowledge became traditional and interest in new aspects 
declined. From being utilitarian, it became first magical, just 
one out of many devices for telling the future, and then 
morally edifying, as in the animal fables of classical times and 
the bestiaries of the Middle Ages with their courageous lions, 
sly foxes, and self-sacrificing pelicans. Finally in the Victorian 
age it became merely anecdotal and sentimental, concerned 
mainly with pets and sport. A serious quantitative study was 
late in developing, largely because it was thought that there 
was nothing to explain. By definition animals which lacked 
reason must do everything by instinct. In reality a new world was 
waiting to be revealed. Darwin, here also, was a pioneer with 
his studies on Expression of the Emotions in Alan and Animals, 

Instinct and learning 

The experimental study of animal behaviour started with the 
work of C. L. Morgan (1852-1936) on the way in which animals, 
ranging from chickens and rats to monkeys, reacted to certain 
situations and tried to solve certain problems. The difficulty 
was to find situations sufficiently similar to those the animal 
was u.sed to and sufficiently simple to control and interpret. 
Early results, especially those of Watson in America and 
Kohler in Germany, seemed to reflect more the mind of the 
investigators than those of the animals. The one found com¬ 
pletely random, the other thoughtful, behaviour. On these 
they constructed two radically different theories; Watson left 
out the mind altogether, followed the pragmatic line, and 
claimed that all that existed for men as well as animals was 
stimulus and appropriate behaviour; Kohler peopled the 
mind of animals with new unitary constructs—the Gestalts— 
curiously recalling Plato’s ideas. 

In more recent and critical work a new beginning has been 
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made in exploring the field of interest of various animals and 
something of the workings of the most significant of mental 
abilities: the capacity to learn by experience. Learning 
implies memory, but is something much more advanced. 
Experiences received have to be stored, compared, and selected, 
and new experiences have to be made before a learned pattern 
of behaviour can be established. Even this, however, can be 
imitated in an elementary way by electronic machines, as in 
Grey Walter’s M, Speculatrix and M, Docilis,^^^^ 

The language of animals 

Once the experimental method was well established the way 
was open to bring into science the wealth of observation on 
the behaviour of animals in the state of Nature. The old 
anecdotal natural history is once more corning into its own. 
The mating behaviour of animals, their care for their young, 
their reaction to enemies of their own or different species have 
long been interpreted sympathetically by human observers in 
terms of their own society. The legends have always told of 
the magical value of learning the language of animals. Now 
at last, by a combination of careful observation and subtly 
planned experiment, something is being learned of that 
language, which, though simple in comparison with ours, is still 
of great complexity. What is appearing from the w'ork of such 
observers as Tinbergen is that behaviour patterns needed 
for moving or feeding can be displaced, modified, or exaggerated 
to convey meaning and impose appropriate behaviour on other 
animals. Thus the birds’ song can call mates or warn off 
rivals. Such studies arc of the most profound importance, not 
only because of the light they throw on nervous mechanisms, 
but also on the origin and nature of human communication 
and the society it forms and binds together (p. 704). For the 
same reason attempts to interpret animal behaviour, even the 
simplest, meet difficulties which do not lie entirely in their 
logical complexity. In this boundary region it is difficult to 
eliminate relics of human thought and language, the more so 
because, as will be argued in the next chapter, they arc tied to 
religious and political prejudice. 

Diseases of the mind: psychology and psychiatry 

These considerations apply in still greater force to progress 
in the last and most difficult branch of medicine—that relating 
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to mental disease^ which may manifest itself in both mental 
and bodily form. Here the last fifty years have witnessed an 
enormous interest but no secure progress. It has been a field 
of controversy and fashion. Many w ould claim that the work 
of Freud was as epoch-making as that of Einstein in the 
twentieth century. It certainly proved to be so in the negative 
sense of clearing away much philosophic rubbish from psy¬ 
chology. What was put in its placc^ however, were simply 
new ad hoc w'ord constructs—the unconscious, the id, complexes, 
and repressions—which have now passed into current usage 
among the intellectuals of capitalist countries (pp. 815 f.). This 
metaphysical basis for psychology has not been justified by any 
secure experimental evidence. In curing mental ills, Freudian 
psychology, in its original form or any of its variants, has not 
lived up to the early hopes placed on it, though it lias proved 
soothing to those who can afford to pay for the treatment. Its 
inadequacy is shown by the more modern vogue for violent 
physical treatments of mental disorder, such as shock therapy 
and even prefrontal lobectomy—cutting off the part of the 
brain concerned mainly with social experience, in the hope 
that the rest wall do better without it. 

The reason for this comparative failure, in spite of the intense 
interest roused in the field of psychological treatment, is funda¬ 
mental, The human mind is neither on the one hand merely 
a set of nerve connections, nor on the other a set of disembodied 
cntelechies—spirits, instincts, complexes. It is the means that 
man has evolved, not by himself but in society, for dealing 
with his environment, itself increasingly a social one. For 
that reason psychology divorced from the economic and 
political basis in society is bound to be on the waong track. 
The alternative way, because it is essentially a matter for 
social science, will be dealt wdth in the next chapter. 


HEREDITY AND EVOLUTION 

The remaining sectors of biological advance in the twentieth 
century—those of heredity, evolution, and ecology—arc more 
closely connected with agriculture than with medicine. In 
the nineteenth century interest in the wide range of animal 
and plant species was still largely that of the collector and 
naturalist, concerned in the first place with making an in- 
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ventory of the world of life, extensively, by far-flung explorations, 
and intensively by the use of the microscope. Even the explosive 
effect of Darwinian evolution did not at once change this trend. 
Its first consequence was to canalize biological effort along the 
same naturalistic lines in an attempt to put some order into the 
collection, to provide life with its family tree. Meanwhile 
practical agriculture pursued its traditional way, with the help 
of science only in farm macliincry, fertilizers, and a few animal 
medicines. Improved breeding was left to practical men and 
enthusiastic amateurs and fanciers. 

The drive for better breeds of plants and animals 

Inevitably, however, at the turn of the century, with the 
Darwinian controversy dying down, came a new need for 
science in practical breeding and a corresponding interest in 
heredity. By then it was apparent that the opening up of the 
Western Prairies for wheal, of Australia for sheep, and of the 
new empires carved out of Africa and Asia for tropical products, 
emphatically required something better than what the old hit- 
and-miss breeding would provide. On the scientific side, the 
main lines of evolution having been laid down, interest began 
to centre on its mechanism. The laws of inheritance began 
to acquire a new importance. Now even though we do not 
understand how it is that an egg or a seed will grow into a frog 
or an oak tree, we can still be re;isonably sure that they will 
do so. 

The likeness of offspring to parents is not however absolute; 
some of the offspring arc usually bigger or in some way more 
useful to man than others, and these have from before the 
dawn of history been used for breeding. It would have been 
absurd to wait for the complete explanation of the phenomena 
of heredity before formulating provisional laws by which we 
could learn to control them. This has certainly been the case 
in the history of genetics, which developed very late into an 
independent branch of science, and one where practice has long 
preceded theory. Deliberate breeding must have started with 
the very dawn of agriculture and animal husbandry. Pedigree 
horse-breeding, for instance, is known from documents as far 
back as 2000 b . g ., and indeed the main methods of transforming 
species for practical use or for sporting taste have been well 
established, if only on a purely empirical basis, from the early 
days of civilization. 
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Darwin and variation 

Because it is not only animals that breed but also human 
beings^ and because the establishment of class and race dis¬ 
tinctions in society turns on inheritance, the problems of 
genetics have been, and still arc^ continuously bedevilled by 
religious and political considerations. The very word ini 
heritance or heredity is bound up with the essentially social 
concept of passing on property to an heir. Its use suggests 
that even in biological inheritance something material or formal 
is handed on—like the Habsburg chin with the title to the 
Holy Roman Empire. 

Darwin’s theory of evolution focused great attention on the 
principles of the variation of inheritance, but actually raised far 
more difficulties than it solved. He thought that species might 
vary in response to environment and that selection would 
operate on those variations. He was, to a certain extent, a 
Lamarckian, in the sense that he thought that environment 
directly influenced this variation. The man^ellous adaptations 
of organisms to the most varied conditions of environment all 
pointed to some such moulding cHect. Darwin’s ideas on 
heredity, however, were not immediately fruitful, largely be¬ 
cause they had no quantitative experimental basis. It seemed 
impossible to show in practice how variations occurred and 
how they were fixed (p. 468). 

Heredity, class, ami race 

Though Darwin himself had drawn much of his material 
from stockbreeders and fanciers, his successors, who were more 
academic, lost touch with them. Belief in the importance of 
breeding was indeed an old and an essential support of the 
aristocratic feudal system, but until the nineteenth century 
it had not called for scientific justification for it. When 
support was needed against the radical tide of the latter nine¬ 
teenth century, science was called in under the banner of the 
eugenics movement. Its early success was largely due to 
Galton (1822-1911)—a wealthy, well-connected amateur, 
incidentally Darwin’s cousin—and Karl Pearson, a mathe¬ 
matician and positivist philosopher, almost the first to apply 
mathematics to biological problems (p. 748). Both were con¬ 
cerned essentially in justifying on scientific grounds the moral 
position of the middle and upper classes, w^hich was beginning 
to be shaken by eqiialitarian socialist agitation, by proving 
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that they were genetically superior to the lower classes. In 
baser hands the same arguments could be used to prove that 
the white races were superior to the coloured, or the Nordics 
to the other white races, particularly to the Jews. 

Weismann and the persistence of the germ plasm 
The fixity of species and inheritance was further emphasized 
at the end of the century by Weismann (1834-1914), who, on 
the basis of repeated failures to produce any inheritance of 
acquired character, developed the formal theory of the con¬ 
tinuity of germ plasm—-a kind of family treasure handed on 
undiminished from parents to children, and suffering modifica¬ 
tion only by the mixing inevitably produced by sexual repro¬ 
duction. In this view the living organism or phenotype was but 
one of many fleeting expressions of the perennial genotype. 
This was, in the nineteenth century, almost a full return to the 
ideas of the seventeenth-century preformationism. It effec¬ 
tively made nonsense of evolution, as it implied that the potential 
characters of all animals and plants were present in the first 
germ and only needed to be sorted out. Further support for 
the all-importance of inheritance came from the field experi¬ 
ments of Vilmorin (1816-60) in 1856 and of Johannsen 
(1857-1927) in 1903; they showed that ordinary crops con¬ 
sisted of individual plants of very varied heredity, but that by 
careful inbreeding and selection it was possible to produce 
pure lines which, in principle, would continue to breed true 
for all time. 

The discontinuity of heredity: the rediscovery of MendeVs laws 
As long, however, as the variations in inheritance were 
considered to be continuous all this work remained necessarily 
purely descriptive, and could not be connected to the rest of 
biology. The recognition of the existence of discontinuous 
changes transformed this position. Bateson (1861-1926) 
in 1894 claimed that it was these sharp variations rather than 
indefinite graduation that was significant in evolution.®-®^® In 
1901 de Vries (1848-1935) discovered abrupt changes— 
mutations —among evening primroses. Both found support 
in the experiments, made between 1857 and 1868, and laws 
of Mendel (1822-84), published in 1869, which had been 
neglected in his own time and which they rediscovered and 
extended. Mendel, working with peas in his monastery 

663 



THE BIOLOGICAL SCIENCES IN 

garden in Brno in Czechoslovakia, had shown that many 
characters were transmitted in sexual inheritance in a peculiarly 
simple way, which he interpreted as indicating the existence of 
certain unit factors determining such things as the colours of 
flowers or the wrinkliness of seeds. The great initial advantage 
of this gene or unit theory of inheritance was that it was essen¬ 
tially simple and mathematical. But there was, of course, the 
danger, which was not appreciated at once, that study might 
be confined to those characters that did show these simple 
relations and that a theory that explained some part of in¬ 
heritance should be thought of as explaining the whole of it. 

Morgan : genes and chromosomes 

The simple laws of Mendel seemed all the more plausible 
w^hen a connection was established between the unit genetic 
characters and the cliromosomes that had been observed in the 
nuclei of dividing cells. This was essentially the work of T. H. 
Morgan in America. Beginning in 1910 he made an extensive 
study of the whole range of variation of one small fly. Drosophila 
melanogaster, which had the advantage of breeding very quickly 
and being very easy to keep. The simplicity and exact 
mathematical character of the genetic theory encouraged an 
enormous amount of research relating the detailed characters 
of the fly to its chromosome structure. 

This led to the discovery that various characters that were 
often inherited togctlier could be associated with certain parts 
of a chromosome, also lying close together; in other words, 
that the chromosome corresponded to a map of the whole 
development of the characters arranged in line along it. It 
was accordingly assumed that to each inherited character that 
appeared in the adult organism there corresponded a material 
particle, the gene, in one of the chromosomes of its parents. 
Each cell of every organism contains a set of pairs of chromo¬ 
somes, one derived from each parent, and should therefore 
possess a pair of genes for every character. The process of 
breeding consequently reduced itself to difTcrent ways of 
shuffling and dealing out the genes of the offspring. If any 
character of one parent did not appear in the offspring it was 
assumed that the gene was absent or suppressed by a stronger 
or dominant gene from the other parent. Although the 
genes were supposed to be material bodies, this was really an 
inference from their location in the chromosome. Neither 
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then nor since have they been isolated, and their nature still 
remains hypothetical. 

Mutations natural and artificial 

As time went on the genetics of Drosophila and a few other 
organisms were worked out in great detail. The genes did not 
appear to be entirely stable. Already, in 1900, de Vries had 
observed that new characters would appear occasionally and 
without warning, even in inbred lines, and would breed true. 
Now the occurrence of these mutations suggested that the genes 
were subject to chance variation, and that their appearance 
could be affected by external circumstances. This was con¬ 
firmed by Muller, who in 1927 showed the increased production 
of mutants by means of X-rays. Since then it has been shown 
that other agents, such as specific chemicals like colchicine, also 
produce mutations, and the invariability of the genes has been 
shown to be a rigid assumption somewhat similar to that of the 
unalterable atoms of the nineteenth-century chemists. It was 
not that they could not be altered, but that no means of altering 
them had been found earlier. 

llie gene theory and its critics 

The success of the Mendel-Morgan theory of inheritance, 
especially in its mathematical aspect, engendered an un¬ 
questioning faith in its validity and generality, the more so as 
it also fell into line with a belief, very prevalent in the latter 
stages of capitalism, that improvements of man or of Nature 
were extremely difficult to make. The geneticists were of 
course aiming at improvement, but they considered that it 
could be obtained only by an appropriate mixing of already 
existing genes, or of new mutants produced at random by 
X-ray or chemicals, by hybridization and selection. They 
felt inheritance to be the most important determining factor 
in the whole of biology, with the effect of environment coming a 
very poor second.®*^’ 

It was inevitable that such a view should be challenged 
sooner or later. The most thorough-going attacks, though by 
no means the only ones, on the whole conception of genes and 
their dominant role in heredity have come in the last two de¬ 
cades from the school of agricultural science now flourishing in 
the Soviet Union. This has now flared up into a violent 
controversy which has echoed all round the world in its 
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scientific and even more in its general and political aspects. 
The bitterness of the controversy and the lines along which it 
was waged were largely a reflection of the divided world and 
the Cold War. Nevertheless it represents both scientifically and 
philosophically a real and important controversy, and all those 
interested in the effects of science in society should at least know 
what it is about.®-^^’ 


The dominance of heredity or environment 

The differences between the views of the Michurin-Lysenko 
school and those of orthodox Mendclian geneticists are on 
matters of both scientific principle and agricultural practice. 
The orthodox view, reduced to its elements, treats heredity 
as the outcome in the. living organism of the combined action 
of a set of specific particles—the genes. These can be re¬ 
asserted in various ways in breeding and selection, but if they 
change at all as the result of natural or artificial stimulation, 
it is in a way which produces effects without any adaptive 
relation to the environment. The practice that follows from 
this theory is therefore one of genetic analysis by suitable 
breeding tests followed by selection. The Michurin theory, 
on the other hand, maintains that heredity is far more diffusely 
inherent in the organism, and that it can be modified in some 
adaptive relation by suitable changes in the environment, 
providing this is done in conditions when the part of the 
organism responsible for reproduction can be affected. The 
corresponding practice is therefore one of modifying the environ¬ 
ment and seeking by special means described to ensure that the 
resulting changes are inheritable. It should be stressed that 
this is not a theory or a method which excludes the effects of 
breeding or selection, but which considers them part of a far 
wider attack on changing heredity. 

Lysenko and agro-biology 

What led Lysenko in the first place to criticize accepted 
genetic views was their failure in practice to provide rapid 
and extensive improvements in crops or stock. He found the 
classical geneticists concerned with the minute differences in 
form and appearance between varieties, rather than with major 
practical requirements such as the yield and hardiness of the 
crop. He was told that such characters depended usually on 
too many genes to make genetic analysis possible, and he began 
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to think that perhaps if such analysis was not possible neither 
was it necessary, and that more direct ways of influencing 
heredity might be found. 

Mickurin grafting and hybridization 

It was at this point that he came across the work of Michurin^ 
who ever since 1888 had been working on the improvement of 
plants^ mainly fruit trees, by a combination of distant hybridiza¬ 
tion and grafting methods. Michurin, though successful in 
producing new «and useful varieties, has l)cen called a mere 
empiricist by those who have not studied his work; but, 
as his published papers show, he was in fact working on 
rational principles of control of heredity which he had de¬ 
duced largely from his own experiments.*'*-^®^ Much depended, 
according to him, on the state of susceptibility of the organism 
to the influence which was likely to change its character. 
Young organisms, or those of unstable structure due to the 
coexistence of inheritance from very different parents, could be 
modified by an environment to which older or pure-bred 
organisms were completely resistant. Michurin’s views have 
close analogies to those developed quite independently in 
relation to embryonic development, where each organ can be 
modified by an appropriate chemical organizer only at a 
specific stage of development. Where he differed essentially 
from the prevailing selectionist views was in his belief in the 
efficacy of direct action on organisms to obtain desired results. 
His characteristic saying was “ Man must not wait for favours 
from Nature, he must wrest them from her.’’ 

Vernalization 

It was this attitude that particularly appealed to Lysenko. 
He had himself begun his scientific life as a plant physiologist 
and was consequently able to appreciate the importance of 
the influence of environment, external or internal, on the 
growth and development of plants. The surprise, and to some 
extent the horror, which Lysenko’s views have created in 
genetic circles is a measure of our present ignorance of the 
physiology of the growing plant. Plants differ from most 
higher animals in that their reproductive organs can be formed 
from any part of the organism. They can accordingly be 
affected more readily by changes in the internal, largely 
chemical environment, produced in turn by changes in the 
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external^ physico-chemical environment. At certain pliascs 
of growth these changes will have the maximum effect on the 
heredity. These are the phases which Lysenko uses to in¬ 
fluence the characters of plants^ for instance by heating or 
cooling the seeds to change winter into spring crops or vice 
versa—the so-called processes of vernalization and training. In 
animals nutrition plays a somewhat similar role, as for instance 
in the production of cows with a high milk yield. 

Different approaches to theory and practice 

The philosophic aspect of the controversy turns on the 
material existence of the gene. Orthodox geneticists believe, 
on the basis of breeding experiments and microscopic study of 
cells, cytology, that genes arc real material structures, probably 
specific nuclco-protcin molecules strung along the length of 
the chromosomes. Lysenko does not dispute the experimental 
evidence, but rejects the theoretical conclusions that are drawn 
from it. To him, and to the whole school of Soviet biologists, 
there is no valid proof that genes exist as individual entities. 
To them, they appear as logical and metaphysical constructions, 
based on an arbitrary analysis of the organism into separate 
characters and then given a false concreteness in the chromo¬ 
some. Genes have never been isolated or seen as such. 

Although admitting that sexual inheritance is connected with 
the chromosomes, Lysenko consid(Ts that the chromosomal 
contribution is not the only, nor the most important, form of 
inheritance. He claims to have shown, particularly in plants, 
by graft hybridization, that other parts of the cell, outside the 
nucleus, have also a very important effect in heredity. This 
effect has also been found to work in other countries, but has 
been explained by postulating self-reproducing particles in the 
cytoplasm outside the nucleus. 

Thus over most of the field of heredity the same experiments 
arc interpreted in diametrically different ways; in one case as 
the sum of the effects of a number of discrete units; in the 
other as the total response of a complex and temporarily 
unanalysed organism to specific and controllable external 
changes. The first clearly must give more precise verifiable 
predictions in its field, but the second is likely to have a wide 
range of applicability. 

Orthodox geneticists claim that by a suitable extension and 
qualification of their methods all the phenomena—including 
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what they consider the valid portions of Michurin’s work— 
will be explained. The Michurinists^ while pushing ahead 
with their practical experiments and applications^ are at the 
same time trying by many methods, notably by biochemistry, 
to track down more closely the way in which their integral 
heredity works. But they know well enough that Nature is 
still far too complicated for them to expect an answer for many 
years yet. 

As has already been pointed out, it was the relative failure 
of orthodox genetics to satisfy the needs of the rapidly growing 
collective farms that gave the impetus to Michurinist biology. 
This is something very difficult to understand in capitalist 
countries, where the need for positive action to provide rapid 
agricultural improvement is not so sharply felt. Indeed, it is 
impossible to understand the gi^netics controversy at all 
without taking into account its violently different social back¬ 
grounds in the old and the new civilization. 

In the Soviet Union, once the collective farms had been 
set up, the relation between scientist and farmer was radically 
altered. The barrier between the academic and practical 
world was broken down from both sides. The new agro¬ 
biological science grew in range and power as the result of 
farming practice; collective farmers co-operated and often ini¬ 
tiated experiments.®-'''^ ’ With this large influx of new scien¬ 
tific workers the emphasis on the nature of the problems to be 
studied was also bound to change. It was because Lysenko, 
himself the son of a farmer, was quick to understand their 
problems, and fertile in providing rapid practical solutions, 
that he acquired the influence he has with the collective 
farmers and the younger scientists. Some, but by no means 
all, of the older scientists looked askance at this. They also 
wished to aid agricultural production, but to do so largely by 
applying the results of established academic science, certainly 
not by the drastic criticism of that science and the substitution 
of radically different views. This difference was the basis for 
the fifteen years of debate that preceded the acceptance of the 
Michurinist views in the Soviet Union. 

Genetics under capitalism 

Soviet agronomists had not been over-impressed by the 
successes of the application of pure genetic theory abroad. 
Practical applications of genetics have been from the beginning 
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of the century largely in the hands of amateurs, who could 
occupy themselves with fancy animals and plants, or with the 
large concerns engaged in exploiting agricultural wealth in 
tropical countries. Outside these fields the most noted 
practical success of genetics, though of a very empirical kind, 
has been the development of hybrid maize in the United States, 
For long there was no effective demand for genetics on the 
part of the farming community, who were in no position either 
to understand it or to benefit immediately from it. As a result 
there was extreme reluctance to finance fundamental work in 
genetics or to provide for the adequate training of geneticists. 
Only big concerns were liable to be interested, and the idea of 
a “ planned drive for breeding better animals and plants,” 
which is the basis of Soviet agronomy, could not arise in a 
private enterprise agriculture. Soviet geneticists have set 
themselves the task of approaching the general problem of the 
production of improved animals and plants on an entirely 
different basis, one that emphasizes particularly the relation of 
every organism to its environment. This means that though 
they carry out extensive breeding experiments, these are done in 
conjunction with other agricultural innovations, designed to get 
the best results from the new animals and plants and to 
modify them in the process.®* 

The value of the genetics controversy 

The genetics controversy, both inside and outside the Soviet 
Union, still continues. There has been, notably since Stalin’s 
contribution to the linguistics controversy in 1950 (p. 843) 
with its condemnation of imposed orthodoxy in science and its 
encouragement of free discussion, considerable criticism of 
Lysenko’s theoretical views and of the value of some of his 
practical proposals, but the tenor of Soviet biological opinion 
still remains essentially Michurinist. At the same time, despite 
the somewhat reflex belief that to doubt Morgan was to betray 
Western Christian civilization, there has been within its orbit 
considerable and fundamental criticism of the extreme muta- 
tionist-selectionist views. This has ranged from seeming 
evidence that the adaptation of bacteria to change of chemical 
environment was due to adaptation (p. 635), to queries about 
the possibility of higher animals inheriting in some way the 
results of skills acquired in the course of the life of their ancestors. 

The controversy as such, despite the bad blood it has stirred 
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Up, has been of some value to biological science. There is 
always a danger to science if any theory becomes so successful 
that it is taken for granted and its origins largely forgotten. It 
becomes part of the framework of thought—a new orthodoxy. 
Orthodoxies must be challenged, and that challenge must be 
pushed home until the supporters of orthodoxies arc forced to 
examine the theoretical foundations of their work. The 
present state of orthodox genetics resembles in many ways the 
Ptolemaic theory of astronomy just before it was replaced 
by that of Copernicus. The early astronomers started with a 
very simple picture, that of the regularly ordered spheres of 
the planets; but as observations improved they were obliged 
to complicate them by a succession of auxiliary hypotheses. It 
has been just the same in genetics. The original laws of Mendel 
can be learnt by a child of ten, but the present explanations 
with all their qualifications have become so complicated and 
so mathematical that there are very few, even among gene¬ 
ticists, who claim to understand them fully. The time seems 
ripe for a simpler and more comprehensive theory which will 
include the explanation of phenomena already established and 
be expressed in a way that will not cramp biological thought in 
rigid forms derived from an over-simplification of organic 
processes. 

Evolution 

The question of evolution is so closely linked with that of 
heredity that it seems more appropriate to treat it here, 
though logically it should come after a discussion of the inter¬ 
relatedness of animals and plants, which is in theory ecology 
and in practice agriculture. In Chapter 9 the outlines of the 
great nineteenth-century controversy on organic evolution 
have already been drawn. 

The triumph of Darwin was not so much in his discovery of 
evolution as in making it a scientifically plausible idea. Thanks 
to him, the fact that evolution did occur and is occurring is 
accepted by all but a few bigots. The end of the nineteenth 
century was largely taken up with determining the most 
probable chain of relationship between the different forms of 
animals and plants—in drawing up, so to speak, the family 
tree of evolution. In the twentieth century the interest shifted 
to establishing the mode of evolution, how and why new forms 
came into existence, when and where they did. Here no 
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finality has been reached^ in fact it is in answering such 
questions that the major differences of opinion in bioJogical 
science are revealed. 

Neo-AIendelian evolution by mutation and natural selection 

The last few decades have witnessed the rewriting of the 
Darwinian theory of natural selection in terms of the Mendelian 
theory of genes. Instead of the imperceptible variations 
postulated by Darwdn^ there have been put the abrupt changes 
produced by gene substitution, by gene multiplication, by 
chromosome doubling or polyploidy, and by gene mutation. 
All these changes arc supposed to occur for reasons which have 
nothing to do with the adaptive value of the resultant character 
in the adult animal. On this view selection would operate, 
not on the characters, but on the genes or gene combinations 
which carried them. Natural selection w^ould act as a kind of 
sieve, changing in a mathematically determinable way the 
gene composition of the population. Adaptation wi^uld 
simply be the most successful of a number of absolutely random 
shots. Formally, through the statistical labours of such 
mathematical biologists as Fisher and Haldane, such a mechan¬ 
ism would account for the evolution of a species and ev(‘n for 
its splitting into two non-interbreeding species, that is, for the 
creation of a new species. It is, however, extremely hard to 
test in practice, owing to the difficulty of controlling environ¬ 
ments quantitatively, and even more to the slow rate at which 
evolution takes place. It has, however, remained until 
recently the theory generally accepted by biologists. 

The Soviet view : the moulding effect of environment 

But now it has been challenged, and not only by the Soviet 
Michurinist school, wffiich considers that it gives an altogether 
too passive role to the environment. As already indicated, the 
Michurinists argue that this view ignores the active role of the 
environment in moulding organisms by producing changes of 
adaptive value. They claim that as they can show that in this 
w'ay it is possible to produce directed changes in domesticated 
organisms, the same mechanism must operate in wild Nature. 
This would produce a rate of evolution much faster than that 
by selection acting alone, which they regard as altogether too 
slow a process to account for evolution. 
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Adaptive changes in lower organisms 

The evidence drawn from higher organisms is necessarily 
inconclusive for lack of quantitative data, though qualitatively 
it might seem that the relatively rapid recent evolution of 
large and rather rare mammals, like the elephant, and even 
of man himself, is difficult to explain by selection alone. 
When we come to the lower organisms, such as bacteria, with 
life-cycles measured in minutes, it is possible to observe changes 
in response to chemical environment which are definitely 
adaptive, in the sense of being able to grow in new media. 
Whether they arc due to selection is here actively disputed.®*®^ 
There is in addition at least one case where Avery 
produced a change from one type of pneumococcus to another 
by the addition of a nucleic acid extract of the second type. 
'The altered type bred true, showing the possibility of directed 
genetic change brought about by a specific chemical. 

Not only is there the greatest theoretical interest in this 
question - - the central one of heredity and evolution—but its 
solution will lead to important practical consequences. Breed¬ 
ing and selection arc necessarily, especially in slow-breeding 
species, very slow processes; directed changes would enormously 
increase the rate of improving them, compared to the present 
hit-and-miss method of practical breeders. To state at this 
moment, as many geneticists do, that this is in principle im¬ 
possible is to discourage research along other lines, and to risk 
overlooking the limitations of their own methods. It would 
be premature, on the other hand, to claim that the methods 
of producing directed evolution have as yet succeeded. 

Only intense and critical research carried over into extensive 
and planned practice can resolve the controversy. Meanwhile 
it is to be hoped that the Cold War, in science as in economics 
and politics, will give place to competition to determine under 
what conditions of theory and practice arc to be found the most 
effective ways of controlling man’s biological environment. 


iiM~~ORGAMISMS AMD THEIR ENVIRONMENT: 

ECOLOGT 

The study of organisms in relation to a variety of environ¬ 
ments, natural and experimental, is one that has grown 
rapidly in tw^entieth-century biology. Before then the account 
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of an animal or plant was apt to be limited to a morphological 
anatomical description, together with some physiological study 
of its separate functions and a natural history account of its 
habits. This knowledge is now felt to be only a necessary first 
step to the understanding of the far more complex and dynamic 
aspects of the life of the organism. Mere observation and 
natural history are not enough: detailed and large-scale experi¬ 
ments are also required. 

As was pointed out at the beginning of the chapter, the 
century has witnessed the rise of a school of experimental 
biology and of the studying of the functions of living animals 
or plants by varying their conditions of life and observing the 
resulting changes. The place of experimental biology in 
the twentieth century is analogous to that of organic chemistry 
in the nineteenth. It is a way of finding out about the effective 
structure of organisms by studying their reactions to different 
environments, just as the chemist found the structure of his 
molecules by exposing them to different reagents. This 
cannot be done by limiting observations to the conditions in 
which the organism ordinarily lives. A wider range of possible 
environments needs to be explored. In more complex situa¬ 
tions it is necessary to make a very careful analysis of all dis¬ 
tinguishable factors in the environment, to vary them either 
one at a time or several at a time in a way determined by 
statistical methods, and to make equally complex observations 
on the organism. 

Interactions of organisms 

The problem is made even more difficult by the fact that the 
environment of any organism invariably comprises innumerable 
other organisms. Darwin himself fully realized this in the 
middle of the nineteenth century, particularly in his work on 
the fertilization of flowers and on the earthworm.^-22 jj^t 
the work that has been done up till now only emphasizes the 
extreme complexity of the relations between organisms and 
our practically total ignorance of their significance. The soil, 
for example, which is the basis of all plant and therefore of all 
animal life on land, is very largely a realm unknown to bio¬ 
logical science, although it probably contains more living 
organisms in its bulk than are to be found on its surface. Until 
recently soil science has been essentially descriptive and largely 
inorganic, based on geology and mineralogy. We are only 
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now beginning to realize that the soil itself is a whole complex 
of organisms, not one of which can be changed without affecting 
all the rest. 

Mutual dependence of groups of organisms 

The interrelated complex of organisms—of animals, plants, 
and bacteria—wherever they are found, is the subject of the 
study of ecology : the analysis of the total effect of all organisms 
in a specific locality on each other. The association of organ¬ 
isms in, for example, a field or a pond is found to have a 
coherence and permanency of its own greater than those of any 
individual organism. The old crude concept of the struggle 
for existence is giving place to one of the evolved co-operation 
of different organisms. The co-operation may sometimes take 
rather paradoxical forms; that, for instance, between carni¬ 
vores and herbivores. Tfic condition of deer is, to a large 
extent, determined by the degree to which they are thinned off 
or kept in condition by wolves or hunters, as the sad conse¬ 
quences of their introduction into New Zealand bear witness. 
But, by and large, a certain equilibrium is maintained in any 
uniform environment in Nature. No individual species can 
multiply, very much less die out, without affecting all the 
others. 

A crude misunderstanding of the Darwinian phrase of the 
struggle for existence further obscures the real dependence of 
organisms on each other. It would be of little value to any 
individual or species to flourish at the cost of exterminating all 
others. This applies even more strongly inside a species than 
between organisms of diflerent species. Nevertheless the 
concept of the struggle for survival is still in vogue, largely 
because it has been and is still so useful in justifying ruthless 
competition and the rule of the stronger in human affairs. As 
Lysenko has pointed out, it is only in exceptional densities of 
overcrowding, rarely found in Nature, that individuals of a 
species come into competition. For the most part, in plants 
as well as animals, the presence of other members of tlie species 
improves the adaptive character of the environment. A forest, 
for instance, is of net value to all the trees living in it. 

Man's interference with the balance of Nature 

A new phase in the history of our planet opened when man 
began to interfere with the previously established balance of 
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Nature in a way essentially different from that of any other 
organism. As a hunter^ even more as a peasant—at first 
unconsciously and on a small scak% later consciously and on a 
scale ranging over the whole planet—man set himself to tip 
the balance of Nature in his own favour. How successful he 
was at that from the start is shown by the multiplication and 
spread of the human race^ which have proceeded with ever- 
increasing momentum. In the early stages man lacked an 
adequate understanding of what he was doing, and produced 
occasional undesired results^ such as exterminating the game 
on which he lived and over-grazing pastures or exhausting 
patches of cultivation; but the small scale of these operations 
prevented any permanent damage to the earth’s resources. 
Now the situation is different; neither knowledge nor power is 
lacking, but the success of modern mechanical agriculture and 
lumbering has been at the expense of ruining a dangerously 
large proportion of the soil of th(‘ planet and of changing its 
climate unfavourably to almost all forms of life. 

Destructive ejects of agriculture under capitalism 

This large-scale intensive devastation has nothing to do with 
the inherent wickedness or stupidity of man, or ol‘ his unre¬ 
strained desire to propagate, as many publicists want people 
to think; it is simply due to the essentially predatory nature 
of capitalism, now spread as imperialism over so large an arc^a 
of the world. The destruction of the soil has been enorm¬ 
ously accelerated in the last fifty years by the methods charac¬ 
teristic of ruthless capitalist exploitation for immediate profit. 
The actual destroyers of the soil need not themselves be 
capitalists, they may be poor share-cropping farmers who have 
to secure a large harvest of cash crops in order to prevent 
themselves being evicted; or Africans driven on to reserves 
by Europeans who take all the best land. The different 
causes lead to the same result, and the process is continually 
accelerating. The less there is in the land, the more it has to be 
exploited and the worse its condition 

Conservation 

Nevertheless there is no absolute reason why this waste and 
destruction of irreplaceable resources should go on. Even 
under capitalism, spasmodic and limited attempts to check it 
show that this is technically perfectly possible. The American 
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depression of the nineteen thirties gave us the Tennessee Valley 
Authority and a widespread movement of soil conservation; 
both were successful as far as biological engineering is con- 
cerned.®*^^^ But private interest has seen to it that the TVA 
should remain a lonely specimen of what can be done in 
regional planning, and the soil-conservation measures are 
limited to where they can be afforded and are abandoned 
whenever intensive farming becomes profitable. They are 
therefore never applied in the places that need them most, 
particularly the vast tropical areas which are now increasingly 
dominated by plantation and cash crop agriculture for the 
benefit of foreign investors. 

Transfowiing Nature 

In the part of the world now sav(‘d from the operation of th(' 
free market and the monopoly trust the picture is a very 
different one. There, more especially in the Soviet Union, 
where alone there has been time for long-term projects to 
mature, the improvement of soils and the reclaiming of deserts 
have been going on for twenty years. The land there belongs 
to the people, and its permanent preservation and betterment 
are a first charge on capital investment. 

In post-war years this process has been so extended and 
accelerated as to constitute something radically new in the 
history of our planet: a deliberate attempt to remake Nature 
and cliangc geography in the service of mankind. To be able 
to imagine and carry out such an enterprise requires, in the 
first place, a people accustomed to working for common enter¬ 
prises, and confident enough to make sacrifices in the present to 
secure greater rewards later. To make this goodwill effective, 
however, requires the greatest use of science: of mechanical 
engineering to dam rivers, cut canals, and build power- 
stations, of biological engineering to plant forest belts, to install 
irrigation, to balance animals and crops. 

What is being done now, and what will be reasonably com¬ 
plete by i960, is to create in the drought-threatened and semi- 
desert south-east of Russia and the Caspian basin a new 
agricultural and industrial civilization, capable of maintaining 
a hundred million people. Everything centres on making the 
fullest use of the land at a number of different levels of utiliza¬ 
tion, depending on the soil and position. Low-lying plains 
will be irrigated by gravity feed from reservoirs. In one case 
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the irrigation canals arc being driven through a mountain, in 
another tlicy arc being taken over an arm of the sea. Higher- 
level land will also be irrigated by water pumped up by electric 
power. Beyond the area of permanent irrigation will range 
stock-rearing lands with piped water or electrically pumped 
wells. In the open desert sands are being fixed by saxaul trees, 
and even the sun is being turned into use for water-pumping 
and refrigeration. 

The unit of planning is the whole river-basin. Great 
rivers, like the Volga, Don, and Dnieper, arc being converted 
into a sequence of lakes, separated by dams with locks and 
power-stations, and sending out tentacles of irrigation canals. 
Floods and droughts will be balanced out. Where no rivers 
have existed for thousands of years they are being re-created. 
The Amu-Daria, the ancient Oxus, is to flow once more across 
the Kara Kum desert and ultimately to the Caspian. The 
ancient Chorasmia—the country of al-Khwarizmi, the father 
of algebra (p. 200)—will be brought to life again. 

The power generated at the station will be used for industry 
and farming as well as for irrigation. These multiple uses 
will spread the load and increase the povTr factor so that the 
fullest use, both physically and chemically, will be made of 
every drop of water. Not only the great rivers but every little 
tributary is pressed into service. Each collective farm or small 
group of farms is encouraged and helped to set up its own dam, 
reservoir, and power-station. Everywhere the emphasis is on 
mixed systems of cultivation combined with laboratory and 
field experiments. The object is at the same time to discover 
and to practise an agriculture which protects and enriches the 
soil with a well-balanced animal and plant ecology.®-®-^^® 

It is the new large-scale civil engineering machines that have 
made possible the transformation of a barren into a flourishing 
countryside, compressing within a few years the improving 
farmers’ work of centuries (p. 369). Giant trucks, bulldozers, 
drag-line and hydraulic excavators, do the work of a thousand 
times as many men. Already they are working on the scale 
of Nature. Geography can no longer be taken for granted, the 
world surface will henceforth be what man chooses to make it. 
For example, in the Baltic lands the relics of the Ice Age— 
moraines, erratic boulders, peat mosses produced by choked 
drainage—make the country poor and unproductive. What 
peasants working with their hands for millennia could not do 
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machines are doing in a few years, clearing the stones and 
boulders from the land, cutting new rivers to speed drainage, 
getting power for all this from the peat, and leaving good 
farming land behind. 

Valleys, mountains, watersheds, deserts, and tundra, even 
the sea-bed, can be transformed. The second series of schemes 
in the Soviet Union arc for turning the great Siberian rivers, 
which now flow uselessly into Arctic swamps, back through the 
Turgai gap into the Aral depression. This involves another 
jump in scale, including the creation of the world’s largest 
fresh-water lake. It will provide food for further hundreds of 
millions of people. 

None of this is a Soviet monopoly. Already, since this book 
started to be written, great conservation schemes have been put 
through in the People’s Republic of China. The Hwai river, 
the floods of which regularly devastated the richest eastern 
provinces, has been tamed in a year, and already an impression 
has been made by the use of tributary control and relief basins 
on the Yangtze and Yellow Rivers. All this has been done 
without waiting for more than a minimum of equipment, 
digging earth with hoes and carrying it away in baskets. This 
could have been done at any time during the last 6,000 years, 
but emperors and mandarins w^ere impotent, for they could do 
nothing, even had they w^anted to, without the active support 
of the pcoplc.®*^^^ 

There is scope enough in all the rest of the world for all the 
peoples, through the use of techniques and science, to transform 
their own countries. Mesopotamia, rich in oil and water, 
could be as fertile and prosperous as at the dawn of civilization. 
Egypt could double and treble the use of Nile water and support 
a decent standard of living for a much larger population. 
Enough is known from ancient experience and modern 
research to make the greater part of the Sahara desert fertile 
again.®*®^ The Indians could use their vast stores of agri¬ 
cultural and mechanical craftsmanship. Tropical Africa and 
South America could tap their w^ater-power and find a way, 
for the first time, of taming the tropical rain forests. 

All these things could be done by the peoples of each of these 
countries, if they were free from the direct and indirect effects 
of foreign domination. It could be done in less than a genera¬ 
tion, if a fraction of the engineering potential now wasted in 
armaments were turned over to help men conquer Nature 
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instead of destroying each other. The skill and money of thr 
Americans, now wasted on atom bombs and super jets, would 
find a fruitful and exciting use in trying to beat the Russians 
at their own game—of changing Nature not for profit but for 
use.®*®^ 

The population problem 

What has been done under the impetus of socialist ideas and 
practice already points to an enormous extension of civilization 

—agriculture and industry together.in which the soil will not 

merely be preserved but indefinitely improved, and the life it 
supports will be multiplied. In the light of this knowledge and 
experience, all the talk of the danger of over-population appears 
all the more clearly as reactionary nonsense. This revival of 
Malthus in twcnticlh-ccntury form is based itself on undeniable' 
facts drawn from capitalist countries or their dependent 
empires. As such, it merely shows the fundamental failure of 
capitalism at the elementary job of keeping people alive. But 
—as the real operators of capitalism think but do not find it 

prudent to say.- that was never their function. If it docs not 

pay to keep people alive—well, then, let them die. “ No milk 
for Hottentots ” was one of the slogans of the Republican 
opponents of President Roosevelt in 1936. It has been modified, 
now that they arc in power, to “Guns for anti-Communists 
only,” What is a more humane way of achieving the samt' 
result, as well as causing fiir less fuss, is to prevent children being 
born! Such ideas, widely disseminated under the cover of 
science, provide reasons for contempt of uncivilize d races who 
breed like rabbits, and justify in advance the idea of con¬ 
trolling them as undesirable pests who inconvenience the 

inhabitants of God’s own country.®* '^3 

The infection of neo-Malthusianism has spread far into 
official science in Britain and America. In 1952 Professor 
A. V. Hill raised the whole question in his Presidential Address 
to the British Association as “ The Ethical Dilemma of the 
Scientist.” Here it is no longer a question of confining popu¬ 
lation control to contraception. The old divine agent of 
plague is invoked to ensure that too many inferior people are 
not left alive to die of slow starvation : 

Had it been possible to foresee the enormous success of 
this application (of medicine and hygiene to the control of 
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disease J.D.B.), would humane people have agreed that 
it could better have been held back, to keep in step with 
other parallel progress, so that development could be 
planned and orderly? Some might say yes, taking the 
purely biological view that if men will breed like rabbits 
they must be allowed to die like rabbits, until gradually 
improving education and the demand for a higher standard 
of life teach them better. Most people would still say no. 
But suppose it were certain now that the pressure of 
increasing population, uncontrolled by disease, would 
lead not only to widespread exhaustion of the soil and of 
other capital resources, but also to continuing and in¬ 
creasing international tension and disorder, making it 
hard for civilization itself to survive: would the majority 
of humane and reasonable people then change their 
minds? If ethical principles deny our right to do evil 
in order that good may come, are we justified in doing 
good when the foix‘sceable consequence is evil? 

The whole of the work of medical science is to be thrown 
away rather than face the full implication of economic freedom 
for '' backward ” peoples. The sanctity of human life, one of 
the highest professions of Western civilization, is discarded in 
the ultimate cause of the protection of private property. 

It should be clear by now that there is no possibility of raising 
the standard of living of the peasants of backward countries 
without a complete break with the old landlord or plantation 
system or even with a nominally free peasantry shackled to 
foreign compani('s. The fate of Malaya, the Philippines, and 
the banana republics of South America show this well enough.®*®® 
Rciil economic independence must be based on a growing 
industrialization, needed to use off-season labour and to provide 
the necessary eejuipment for a scientific agriculture. Without 
this there will be no possibility of getting out of the vicious 
circle of population growth to the limit of subsistence on a 
miserable standard of life. 

It is the complete incapacity to envisage any other state of 
affairs, combined with a, usually unacknowledged, distaste at 
finding so many lesser breeds challenging his privileges, that 
drives the cultured English and American scientist to support 
the policy of population limitation. 

Sir Charles Galton Darwin has now brought the family full 
circle back to parson Malthus. In his book The Next Million 
Tears he envisages nothing good for the human race. Indeed 
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he thinks the Edwardian period, of all limes, was the world’s 
last golden age. 

Now we are living in or perhaps at the end of a golden 
age^ which may well prove to have been the greatest 
golden age of all time. . . . 

We are again becoming very conscious of the world’s 
population problem, but now there arc no frontiers or 
unknown parts of the world into which to expand, and 
so our golden age is probably near its end. 

In the future there will of course be other golden ages, 
but it can hardly be expected that the balance between 
good and ill will often be as favourable as it has been in 
the recent one. 

Of what is known and what has already been done to use 
science for the elementary task of providing people witli food 
there is little trace in his or any neo-Maithusian book. Yet 
this represents only the merest beginning of what applied 
biology might do. The increase of world population is in 
itself not catastrophic; it is running at between i and 1 1 per 
cent per annum, and with a high standard of living the rate is 
likely to be lower. The most that is required, therefore, for a 
rising food consumption is an average increase at a slightly 
higher rate. A 2 per cent per annum increase is well within 
the bounds achievable with present techniques. The applica¬ 
tion of new research will be essential only at later stages when 
there is a serious shortage of available land. 

This is at present very far from being the case. The FAO 
estimate that of the 33 billion acres of the earth’s land surface 
only 3 billion, or less than 10 per cent, is cultivated.®-Much 
of the remainder could be brought under cultivation, particu¬ 
larly in the equatorial areas, by a limited amount of real 
capital in the way that is already being done in the USSR and 
China. A conservative estimate by the geographer L. D. 
Stamp indicates that some 10 billion people, or more than four 
times the present population of the world, could be maintained 
with present techniques at an adequate nutritional standard. 
That, with the present rate of increase, should see us well past 
the year 2100, and by that time people will be in a far better 
position than they are now to know how they want to solve the 
food and population problem. If they decide to go on in¬ 
creasing there will still be plenty of land for more scientifically 
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directed exploitatioiu more especially in the desert belt, and 
the seas have only begun to be exploited. There is also a 
factor of between five and ten times to be picked up in more 
intense utilization of the land already cultivated. The present 
average yields are less than a third of the maximal, which are 
still very low; they could certainly be raised by biological 
research to far higher levels. Of the actual vegetable matter 
grown with such trouble, about four-fifths is burnt or ploughed 
in. It is by no means necessary that this should be so. The 
rich proteins produced in green grasses can, for instance, as 
Pirie has shown,*'-^^® be extracted by pressing, and used for 
animal and at a pinch for human consumption, while the 
remaining cellulose is good cattle fodder. In this way, from 
the same meadow, a farmer could get bacon and eggs to supple¬ 
ment his beef, milk, and butter. Even greater possibilities 
are furnished by the use of yeasts and fungi to produce food 
from waste vcg(Hable materials, or of algae for controlled 
photosyntliesis. Once large-scale nuclear or thermonuclear 
energy comes in, the food problem would be solved. Enough 
sea-water could be distilled and poured over the deserts to grow 
all that is needed (p. 589). 

It is academic to dispute exactly how much food could be 
raised by scientific methods, for tlie methods themselves will 
grow and change in proportion as they are used. The real 
difficulties are here not the scientific and technical ones. It is 
rather the achievement of the social and economic conditions 
that would make science applicable. If the grip of imperialism 
could once be shaken and the diversion of technical resources 
to war preparation were stopped there would be ample resources 
for the mechanical and chemical capital necessary to transform 
agriculture, together with an allowance for scientific research 
and development on a scale hitherto unimagined. In 1951, 
it was estimated by a group of experts appointed by the 
Secretary-General of the United Nations that an annual 
investment of $19 billion would be sufficient to raise the 
standard of living of under-developed countries by 2 per cent 
per annum.® The factor for safe advance is about 6 per cent. 
However, as today something of the order of $100 billion is 
directly or indirectly spent on war preparations, an increase 
of 10 per cent per annum is therefore immediately feasible, 
a figure which would increase still further as more resources 
became available from newly created industries. 
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War, however, still remains the most profitable investnjciit, 
and nco-Malthusians would be well advised to attend more 
seriously to that curse of humanity. If they could stop it, 
they would no longer have any need to invoke pestilence and 
famine to trim humanity to their genteel standards. 

Social medicine 

The transformation of agriculture is only one aspect of the 
impact of modern biology on society; the other is the corre¬ 
sponding transformation of medicine. The great contri¬ 
butions to medicine of biology, and particularly biochemistry, 
of the twentieth century—vitamins, hormones, antibiotics, 
radiology, and radiotherapy—are only a part of a much greater 
transformation from the healing art to a science of health. 
I^argely under the pressure of working-class protest, armed 
with the doctrines of an emergent socialism, disease began to 
be seen less as a punishment and warning from heaven, or 
even iis the natural consequence of evil living, drink, and dirt, 
and more as a reflection on the conditions of life imposed by a 
heartless and stupid social system. 

Social medicine, starting with the collection and analysis 
of medical statistics,®-began to show in cold figures what had 
long been obvious, that the prime cause of illness was poverty.®-’®^ 
Occupational diseases were the first target. Despite the 
obstinate obstruction of those whose profits seem to depend on 
the sacrifice of human lives, the most obvious of these—the 
lead poisoning of painters and pottery workers, the phossy jaw 
of match-makers, the silicosis of miners and steel-grinders— 
were denounced, and after many years some measure of pro¬ 
tection and compensation imposed by law, though even today 
some 800 die annually in Britain of such diseases.®-The soot- 
laden air of the industrial cities still takes its toll; five times 
as many people die in Manchester of bronchial complaints as 
in the south of England. The preventable smog of London 
killed over 400 people in two days in 1952. 

The greatest achievement of nineteenth-century social 
medicine was sanitation. It wiped out in industrialized 
countries the water-borne diseases of cholera and typhoid, but 
the great killers, tuberculosis and infantile diseases, still 
remained. They were to yield in the twentieth century to 
better housing, better health measures, and most of all to more 
and better food. The social value of the discovery of vitamins 
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lay not so much in the provision of the vitamins themselves as 
in the interest it focused on nutrition as a prime requisite to 
health, particularly for children. Slowly but surely, despite 
the set-backs of slumps and wars, the food of the favoured 
industrial countries has improved, and with it has gone a 
decrease in tuberculosis and a dramatic fall in infantile 
mortality. 

The successes here have shown up in their full hon or the 
unnecessary disease and death of less favoured countrics.^*^'^'' 
If one infant in fifty dies in Sweden, why should one in six 
die in India ? It is now plainly evident that for lack of food 
or medical care two-thirds of the people of the world are 
dying avoidable deaths, and that out of ten infants that now 
die nine could be saved. To know that and do nothing about 
it is complicity in murder only less direct than acquiescing in 
killing them by atom bombs or napalm. 

National Health Service 

This knowledge has, however, not been without clTect. In 
the last fifty years, all over the world, except in the citadels of 
individualism where health, like everything else, is for sale, has 
come an effective demand for free health service as a right. 
Even in Britain the medical profession has loyally, if unwillingly, 
acquiesced in a National Health Service. It is still a health 
service in name rather than in fact. Defence of national 
interests has seen to it that Britain has only five health centres 
and one civilian hospital built since 1940. For the most part 
the National Health Service still depends on the old surgeries, 
where overworked doctors dispense ineffective drugs to queues 
of patients, and give them advice that they cannot take. 
Nevertheless it could be the beginning of a new attitude 
towards health, one in which the prime consideration was the 
right of every child, woman, and man to the biological and 
social environment that would best secure them a full, active, 
and healthy life. The doctor would still be needed, but rather 
as a counsellor and watchdog than as a patchcr-up of bodies 
twisted and broken by bad conditions. 

Social medicine logically implies social production and 
social distribution; how otherwise could everyone be guaran¬ 
teed the work, rest, and food that arc good for them? In brief, 
it implies socialism, and that is why in America particularly 
it is so fiercely resented, striking as it does at the sanctions of 
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want and misery that lazy and greedy people think are the 
only means of setting the idle poor to work. 

By contrast, wherever popular forces have triumphed there 
has been an instant drive for improved health services, especially 
for the children. By raising the status of doctors and nurses, by 
removing the need to compete for the few fee-paying patients, 
the old rooted objection of the medical profession to an increase 
of its members has been overcome. For instance, in the 
territory which is now known as Uzbekistan, in tsarist times 
there was one doctor for every 31,000 of the population; in 
1952 there was one for every' 895, and Azerbaidzhan had one 
to every 490. These figures may be compared with Britain, 
where there is one for every 862, and Nigeria, where in 1948 
there was one for every 133,000.®* 

Even more spectacular has been the advance in China. 
There the drive for health has taken a mass popular form. 
The first stage has been the wiping out of sources of infection. 
China was one of the most fly-ridden countries of the world; 
after two years of popular government hardly a fly can be 
found in any Chinese town or village.®* The endemic centres 
of plague have been cleared up, and over four hundred million 
people vaccinated against smallpox. The medical semccs 
have been greatly increased. In north-east China, for example, 
by June, 1952, there were tw'cnty times as many hospitals in 
fiictories and mines and tw'clve times as many health clinics as 
compared with pre-liberation days. A doctor is now available 
there for every 625 workers. The national figure in this field 
is one doctor to every 880. Factories have been built to produce 
new life-saving drugs, defeating the cruel intention of the 
American ban on their importation (pp. 852 f.). 

A similar transformation could be achieved in all the un¬ 
healthy tropical and sub-tropical areas, unhealthy only because 
poor and exploited. It can be done by the people themselves, 
and only by them. Medical help from outside, however well 
intentioned, can only be palliative, and sometimes not even 
that, when, in the absence of land reform, it only leads to general 
impoverishment. In the Bengal malaria epidemic of 1944 
the free issue of drugs found its way rapidly into the black 
market, the recipients preferring the risk of death from disease 
to the certainty of it from starv^ation. 

In the last fifty years the science of biology and the practice 
of social medicine have proved that man is already capable of 
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lifting the burden of disease and death that has weighed him 
down for millennia. Now that that is known, nothing, not 
even the greatest development of hydrogen bombs and super 
poisons, is going to prevent the mass of humanity from finding 
a full and healthy life. 

thb: future of bio logy 

This account of the present situation of biology and its 
effects on society should bring out by its very length and diffuse¬ 
ness the increasing number of ways in which the newly won 
knowledge is impinging on the lives of almost every person in 
the world. Growing, as it has, hardly less fast than have the 
physical sciences, it has had a far more rapid impact on 
society than they have had—except in the service of war. A 
new drug or a new breed of plant can be put into service much 
more quickly than a new method of building or engineering, 
or even a new aeroplane. The turnover of biological science is 
quicker, the capital value smaller. 

This consideration looked at in another w^ay means that 
biology is not so directly linked to heavy industry. Tliis is a 
major reason why the financial support and the number of 
research workers in the biological arc so much less than in the 
physical sciences. 

In the near future, given an end to the Cold War, the rewards 
of biology are bound to lead to its very rapid increase. At 
the same time its intrinsic interest will draw more and more 
able workers into biological studies. Apart from nuclear 
physics it is biology, and particularly biochemistry and bio¬ 
physics, that are already the most exciting fields of research. 
This is because biology offers problems of great complexity 
where ingenuity is at a premium. From what has been found 
in the last half-century it is now apparent what an altogether 
too limited and simplified view of organisms and their inter¬ 
actions was held by earlier investigators. Even the simplest 
of them surpasses a thousand or a millionfold in absolute 
complexity the most complicated systems devised by man. 
Indeed, if the early biologists had formed any idea of the order 
of complexity of the subjects they were tackling they would 
probably have lacked the courage to undertake the task, for, 
as Marx pointed out, man does not attack problems unless he 
already has the means of solving them. As the army of 
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biological science increases^ so also will the complexity of the 
problems which it will attack. 

Its advance, however, will not be easy; for both intrinsic 
and external reasons there is now a greater relative degree of 
uncoordination and confusion in biology than there has been 
at any other time. Absolute knowledge of facts has grown very 
much more quickly than the means of ordering them. This 
has been due in part to the practice of specialization, one aspect 
of the ideal of the purity of science, an attitude which is often 
combined with a strong resistance to adequate communications 
between the different sciences and even inside the same science 
(p. 908). An even more cogent reason for dealing with 
disconnected ad hoc problems is that it is largely only for 
research into such problems that money is available in adequate 
amounts. 

Effective biological advance is necessarily an immense 
combined operation. It is so, regardless of whether this is 
recognized, for the worth of each man’s work depends on that 
of dozens of others. For an individual research worker to be 
fully effective, however, he requires not only the knowledge of 
what has already been achieved by others but also some idea 
of what they arc proposing to find out. This can occur at 
present only in specialized fields, so small that they contain 
only a few workers well known to each other. Wider con¬ 
nections are consistently missed, but it is often pointed out 
that this hardly matters, as no one is aware of the loss. It is 
in fact perfectly possible for anyone who has no objection to 
such a casual system to work ejuite happily in establishing a 
few facts which are new at least to him. The net result, 
however, is to confuse and hold up the advance of biology as a 
whole (p. 917). 

Even more damaging to the co-ordination and understanding 
of biological ideas is the lack, often deliberate, of adequate 
and well-criticized theory. The prevailing belief is that all a 
good biologist need do is to establish further examples of some 
category or to solve some particular problem. If facts need to 
be co-ordinated it is thought sufficient to do it along old lines. 
The serious consideration of theory, and the discussion of its 
dependence on the historical and social conditions of its first 
formulation, is not regarded as a proper task for biologists. As 
a result, old views reaching right back to Aristotle, if not before 
him, still exist in the biological sciences. The liberating 
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revolution started by Darwin has become bogged down in 
controversies about details. 

The language of biology 

Biology cannot in the nature of things be as simple as physics 
or even chemistry, since it includes these subjects in itself. 
Nor can it be expressed in the language of precise mathematics, 
because it has too great a multiplicity to describe by enumera¬ 
tion. Indeed, most attempts to reduce biology to mathematics, 
because of their very abstraction and inappropriateness, lead 
(o errors which would not have been made had the same ideas 
been expressed in words. Nevertheless, because we must be 
able to deal with living systems practically, an appropriate 
language has to be found to describe them, think about them, 
and thus control them in a rational rather than a traditional 
way. Any useful biological language must treat of the struc¬ 
ture and behaviour of organisms as such and be adequate to 
their higher level of complexity. 

New generalizations: the dialectical approach 

Even through the ( haos of present-day biological discovery 
and controversy we aix! beginning to sec the form that language 
will take. It is now becoming more and more evident that 
new generalizations of great importance in biology are about to 
emerge, l^hc central discoveries of biochemistry, pointing to 
the underlying chemical nature and chemical origin of life, 
have yet to be translated into a general biological theory. 
Such a theory must be intrinsically evolutionary; that is, it 
must bring out the character of the present as a resultant of the 
past embodied in biological structures and functions. The 
older approach to evolution was based on visible appearance 
and performance, the new must look right down to the scale 
of atoms, though in doing so it must never lose sight of the 
larger unities of organisms and societies. Just because it has 
to involve matter and history together, it can only be built 
along the lines of dialectical materialism. The mechanical 
theories derived from the Newtonian period cannot cope with 
the essentially historic aspect of biology. In physics it is 
generally sufficient to know how systems work. In biology 
it is equally important to know how they got to be that way. 
The whole drama of evolution is an example of a serial pro¬ 
duction of new forms arising essentially out of the conflicts 
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engendered inside the previous stages, owing to inevitable 
contradictions within the organism and in its relation to its 
environment. 

Limitations on biological thought 

The inability to consider biology in a dialectical way is one 
of the reasons why biologists in capitalist countries are so 
indignant at the results of the changes in biological research 
and biological teaching in the Soviet Union. Without any 
understanding of the essentially observational and scientific 
nature of dialectical materialism, they allow themselves to 
accept readily the propaganda stories that make it out to be an 
absurd metaphysical doctrine which is forced on scientists by 
fanatical politicians. 

This is the easier to believe because all but a few biologists 
see no need for any basic change in the scientific approach to 
biological problems. They want the game to be continued to 
be played by the old rules, which imply a negative and im- 
possibilist attitude towards the solving of the most fundamental 
biological problems. Such pessimism is indeed as necessary 
under capitalism in its last stages as it is unacceptable to a 
vigorous socialism. It is much more convenient to maintain 
that biological change cannot be understood, and hence 
cannot be controlled, than to admit that no effective control 
can be attempted for economic reasons. 

This negative attitude, however, cannot be maintained for 
much longer in the face of actual social and economic factors 
pressing forward the development of biology. The problems 
of an increasing population and of static or decreasing food 
supplies can be solved only by an active and advancing 
biology. No social system, however respectably established, 
can resist indefinitely such urgent human demands, especially 
if at the same time there are practical demonstrations of the 
full use of biology in the service of man. The future of biology 
is itself as much a social as a biological question, and the 
changes which the forms of human society are likely to undergo 
in this period of transition are certain to transform the science 
of biology as well as the biological environment of mankind. 
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Chapter 12 

THE SOCIAL SCIENCES IN HISTORY 
1 2 . 0 —INTRODUCTION 


M an’s knowledge of the society in which he lives has 
been and still is far more difficult to gain than that of 
the material world around him or of the plants and 
animals that live in it. The sciences of society a re, as a group, 
the latest and most imperfect of the sciences , and it is doubtful 
how far in thciFpresent form they can be called sciences at all. 
Indeed, as has already been pointed out (p. 317), the British 
tradition of science, embalmed in the Royal Society, refuses to 
recognize them as such, and the term Science in Britain and 
America—but not elsewhere—is reserved for natural scien ce. 
Just because the social sciences deal with the springs of human 
social action, they have a more immediate relation with history 
than have the natural sciences. It is for that reason that some 
account of the social sciences must find its place in any com¬ 
prehensive attempt to relate the development of science in 
general to that of society. 

Because of their late development, the social sciences as a 
group lacked the autonomy of the natural sciences during the 
nineteenth century, and carried over into the twentieth many 
pro-scientific ideas derived from custom and religion. Accord¬ 
ingly to make the social sciences of the present time compre¬ 
hensible it is necessary to go back over much of the period that 
has already been covered for other sciences in earlier chapters. 
For this reason I have thought it better to divide the treatment 
into two chapters. Of these the first and present chapter (12) 
brings the story of the social sciences up to the First World 
War, and the second chapter (13), deals with that of more 
recent times. 

This chapter starts with a brief description of the scope and 
divisions of the social sciences, bringing out the essential 
differences between them and the physical and biological 
sciences. The reason for their backwardness is shown to derive 
not so much from the intrinsic differences or the mere complex¬ 
ity of subject-matter, but from the strong social pressure of 
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established ruling groups to prevent serious discussion of the 
foundations of society. The way in which this attitude has been 
broken down successively in social revolutions is next discussed, 
showing how it has led in our own time to the emergence and 
development of two rival systems of social science corresponding 
to the division between capitalism and socialism. The second 
system began to take shape in the aftermath of the French 
Revolution, but only found its full explicit expression in the 
Communist Manifesto of Karl Marx and Friedrich Engels in 
1848. 

From 1848 on it will be necessary to discuss the development 
of these two divergent systems. The first phase of that develop¬ 
ment, which lay entirely within the framework of a world-wide 
capitalist economic system, lasted until 1917. That date marks 
the most appropriate end for this chapter, though it does not 
correspond precisely to that chosen^ for different reasons^ for the 
beginning of the new era in the physical sciences (1895). The 
later developments of both capitalist and socialist systems of 
social science are continuous with their earlier forms, but from 
that dale on each finds its fullest expression in a distinct society. 
These developments and their interaction are the theme of 
Chapter 13. 

I realize that this treatment breaks with the time sequence of 
the book but it has seemed to me preferable to any alternatives 
I have considered. Some readers may prefer, as I have 
indicated in the preface, to take the historic sections of this 
chapter separately in conjunction with Parts I to V and to 
go straight on from Chapter 11 to Chapter 13. Thus 12.2 goes 
with Part II, 12.3 with Part III, 12.4 with Part IV, and 12.5-7 
with Part V. The need to deal with two streams of ideas 
from 1848 onwards imposes a further difficulty. Here it 
would have been possible to present together the whole of the 
sequences of the academic and Marxist social sciences, one after 
the other. The actual arrangement adopted, dividing each 
sequence in half at 1917 and discussing them in parallel, 
seemed more suitable because it kept contemporary ideas more 
closely together. In any case the presentation of the inter¬ 
action of historical events and social ideas must take the form of 
a kind of counterpoint in which different themes arc worked into 
a common pattern. 
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12 . 1 —THE SCOPE AND CHARACTER OF THE SOCIAL 

SCIENCES 

The social sciences may be divided into two broad groups, 
the descriptive and the analytic^ though naturally neither term is 
exclusive. The descriptive social sciences, such as arch^Eologyy 
anthropology, and sociology, describe societies, past and present, 
their structure, interactions, and development. They can 
all be grouped together into the much wider category of 
human history. The analytic social sciences attempt to dis¬ 
cover the underlying relations determining aspects of the be¬ 
haviour of societies with special emphasis on the societies of 
today. Economics, the science of law, political science, and 
education would normally be taken in this category. For 
reasons that will be set out later they also include much of 
psychology and of philosophy, particularly moral philosophy, ethics, 
and esthetics. 

Social and natural sciences 

All these studies can be classed as sciences only in so far as 
they employ the scientific methods used in the natural sciences, 
that is, in so far as they rest on a material basis and their 
accuracy can be checked by successful prediction and practical 
use. This has been done in the social sciences only to a very 
limited extent because of intrinsic and special difficulties which 
will be discussed later. Consequently many parts of them are 
sciences only by courtesy or for examination purposes: they 
merge imper ceptibly into the non-scientific forms of religion, 
literature, and the arts, those TimnarT aic tivi ti e co ncerned wiPTlTie 
cbmnuinicatron orideas, ima^e^anjiTeelin^s^j which^^ t^^ 
TOgHHer contribute to the culture of society and assufeTls 
vitalit y' an d development. Indeed much of the best social 
science now, as in the“ pa^st, is found in novels and poems, in 
plays and films. The relations of social science to practice, 
that is to the control of society, are also vaguer and more 
derivative than are those of the natural sciences to the control 
of the material world. Business, industrial organizations, adminis¬ 
tration, law, and politics are all practical social activities, but 
they are still far from being applied social sciences. In fact, 
much social science is merely the putting of the current practice 
of the trades and professions into learned language. 
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It is this association with the activities of groups of interested 
persons, rather than with an indifferent material world, that has, 
more than any other factor, prevented the social sciences from 
acquiring the relatively independent character of the natural 
sciences. In Marxist terms, whereas the natural sciences are 
primarily concerned with the producti ve fo rces of society^ the 
sbeiS sciences dcixl^fth rations ^n^the_ ideological 

*Sixp erst r uctu re to maintain andTJustify them . Even without 

Ihe M^rxter*analysislt is apparent that the development of 
social sciences in the capitalist world has lagged far behind that 
of the natural sciences. The stage they have reached is indeed 
somewhat analogous to that reached by the natural sciences 
before Galileo and Newton. They are essentially discursive 
and classificatory and, though in modern times they have added 
measurement in its statistical form, they still lack adequately 
designed or controlled experiments—the test of practice in 
application—that established the natural sciences on a firm 
material basis from the seventeenth century onwards. In 
common language, the social sciences are fine talk, but they 
don’t work. They arc useful for providing subjects for degrees 
and theses, for teaching posts, and for jobs in advertising and 
scientific management. Social scientists, however impressive 
and ornamental, are not yet as indispensable in the capitalist 
world as chemists or engineers. 

Reasons for backwardness 

Now there are many reasons for the backward state of the 
social sciences and it is of great importance to be clear at the 
outset as to which arc the operative and which are only the 
apparent and deceptive reasons. In the first place, two reasons 
of a philosophical nature have been urged to prove the intrinsic 
impossibility of social sciences at all analogous to the physical 
sciences. The less important and easiest to refute is the 
alleged impossibility of experiment in the social sciences. Now 
it is quite true that without experiment there can be no com¬ 
plete science. What prevents such experiments and observa¬ 
tions, however, is not anything inherent in social science but 
something in the society which it studies. Under capitalism 
only relatively trivial social experiments can be carried out. 
The largest such experiment, that of the Tennessee Valley 
Authority (p. 677), was undertaken only in a time of serious 
crisis, was hedged with restrictions, and was never imitated 
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elsewhere because of, rather than in spite of, its success. The 
reason large-scale experiments cannot normally be carried out 
is essentially because any such experiment would require the 
full and free co-operation of the people involved, without the 
restrictions that are imposed by respect for private property, 
vested interests, and profits. Such “ experiments ” as do take 
place, for instance in the setting up of social services, are devised 
and carried out by administrators for politicians, and arc so 
limited in their application to social life that they have little 
claim to be called scientific. At best they are carried out for 
the people, never by the people. On the other hand, full-scale 
social experiment is the rule in the new socialist countries . 
1 ncre, in the clcvclopment of industry and agriculture, societies 
dd iberatcly change their habits of life and learn from the results^ 
h ow to plan further^c^iangc. 1 here also the initiaiivc comes 
from the workers and farmers themselves, as witness the move¬ 
ments of the Stakhanovites and the worker innovators. 

The second reason given is the claim that the social sciences 
are intrinsically different because their study involves value 
judgments foreign to the natural sciences. Such absolute and 
timeless concepts as justice and beauty arc, it is cl aimed, for- 
evcF^utside the scope oTTEe screntlEc method. Now this is 
JeliBefatc o b^uraETis ihrTnadeTTo"^^ the fact that it 

dTefiv'esTrorn the most reputable ancient sources (p. 138). On 
the contrary, it is precisely the function of the social sciences to 
analyse and explain these values ’’ in their social and historic 
context, and to show how they need to change with the social 
changes of the future (p. 926). 

Besides these illusory reasons, there remain three others that 
have a limited validity. The first of these is that the social 
sciences differ from iDoth the physical and the biological 
sciences in that man is himself par t of the society he is studying, 
and hence that theobserver and the observed beconS so cbh^ 
fused that a really scientific approach is difficult if not impossible. 

The second reason given is that as human society is more than 
the sum of the individuals that make it up, its study must be 
more complicated than that of human psychology. Conse¬ 
quently, as man is the most complex of animals, the study of 
man must be far more complicated than that of the biological 
and physical sciences. In this view, the mere difficulty of the 
subject is considered sufficient to explain the slow progress in 
it. 
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The third reason given is inherent in the changing nature of 
society. In other sciences progress can take place by a closer 
and closer approximation to the knowledge of an unchangi ng. 
or r epetitive system of Nature, as in the physical sciences, or 
a^stem like^ganTc evolutio where the change is so slow as 
to be difficult to detect. In society change is rapid, and the 
social sciences have hardly provided an analysis of a situation 
before it has turned into a new and different one. The antics 
of the classical economists in the face of the great slump of 1929 
is a sad example of this. They had by the third decade of the 
twentieth century found what seemed to them an admirable 
analysis of economic equilibrium brought about by free ex¬ 
change and unfettered competition. But this situation had 
already for fifty years had little resemblance to actuality. Im¬ 
perialism, monopolies, and State restrictions were factors the 
intrinsic nature of which classical economists could not bear 
to admit. They tried to treat them as undesirable external 
obstacles to a free economy, instead of the natural products of 
its inner evolution. I’his is no isolated example. The social 
sciences, which should be in the van of social progress, are in 
practice in present-day capitalism apparently doomed always to 
tag years or decades behind the situations they have to analyse. 

The cogency of these last three reasons for the special diffi¬ 
culties facing social science cannot be denied. It is, however, 
highly questionable whether taken together all three can 
account for the backwardness of social sciences; they have 
more the air of excuses than reasons. Analogous difficulties 
have not halted the physical sciences, which have found ways of 
coping with subjectively distorted, highly complex, and rapidly 
changing phenomena. 

Social science in the service of established order 

Far more potent than any of these factors is another, intrinsic 
to society itself, which has operated and still operates most 
effectively to prevent the formulation of any genuine unbiased 
social science in the conditions of a class society. The history 
of the social sciences shows clearly enough that the effective 
reasons which have held back their development have been 
strong and positive ones, imposed by those who controlled and 
principally benefited by the organization of society itself. All 
through the written history of mankind and, by inference, 
through a great deal of the unwritten history as well, it has been 
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a very dangerous thing to look too closely into the workings of 
one’s own society. It has always been in the interest of ruling 
classes to have it generally believed, both by their own members 
and by their subjects, that the order of society which secured 
them their privileges has been divinely ordained for all time. 
With the advent of capitalism and the decline of the age of 
faith, such sanctions had lost their full force. For example, the 
verse containing the words: 

The rich man in hi.s castle, 

The poor man at his gate, 

God made them high or lowly, 

And ordered their estate 

has at length (1950) been tactfully omitted from Hymns Ancient 
and Modern. Nevertheless, it could still be held that social and 
legal forms represented a natural order based on the unchange¬ 
able laws of economics. I'oo much looking into the structure 
or workings of society might bring out arbitrary and unjusti¬ 
fiable features which might unsettle obedient subjects or, in 
a later time, the free and independent electors. That is 
why Plato deliberately constructed myths instead of rational 
explanations for the common people in his Republic (p. 136). 
That is why in its days of power the Church considered man’s 
duties to his neighbours and to authority, which then took the 
place of social science, to be a branch of theology and its 
own exclusive concern. That is why, even now, social sciences 
are not regarded as a suitable subject to be taught in the 
schools (p. 809). 

Characteristically enough, the people who discouraged the 
pursuit of the social sciences did not do so because they thought 
the subject was philosophically or practically intractable. 
They did not think the right answers were difficult to find at all. 
They knew them already, without any of the tediousness of 
searching them out by scientific methods. They were either 
self-evident or, when, like the legal ‘‘ Acts of God,” they were 
too absurd for any rational person to think out for himself, 
they were divinely revealed. 

The image of society presented to common man by his betters 
throughout the ages has usually been simple and clear. The 
pattern of social behaviour was determined by custom^ institu¬ 
tions, and morality ; or, in other words, by doing what is done or 
paying the penalty. But it could never be, from the very 
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interests of those propounding it, a just pattern, though this 
fact could never be admitted. Nor could the theory pur¬ 
porting to support it be a true or scientific theory. In the 
earlier sections of this book it has been evident how, at 
almost every stage, class interests held back and distorted 
natural sciences. As the social sciences had little or nothing 
to contribute directly to material productivity, and since there 
was a much greater interest in their distortion, it is not surpris¬ 
ing that they fared far worse. In short, the backwardness and 
emptiness of the social sciences arc due to the overriding reason 
that in all class societies they are inevitably corrupt. No real 
science of society can exist that does not begin with the recogni¬ 
tion of this fact. Nor can it be fully applied until classes arc 
superseded. 

Social change engendering social science 

This is not to say that no social science of any kind is possible 
in class society, but that it can appear there only by virtue of the 
changes in that society. At first sight the maintenance of the 
convention of the blind acceptance of things as they are might 
seem to be sufficient to prevent social change. But that is 
reckoning without the evolution of societies themselves, under 
the influence and the growth of new productive forces and of 
the consequent new productive relationships. Societies have 
time and again been torn by struggles between the representa¬ 
tives of old ruling classes, who try to freeze these relationships, 
and those of new insurgent classes, who must perforce try to 
break them down as hindrances to their own use of the new 
productive forces. The central theme of human history has 
been a sequence of cumulative economic and social strains and 
rapid releases; it is in the periods of release or revolution that 
the theories of the nature of society come to be examined and 
reformulated. 

Religion and social struggle 

The great world religions arose in disturbed periods in early 
civilizations, and the questions they strove to answer were 
fundamentally urgent social questions (p. 119). Confucius 
and Lao-tze; Gautama and Mahavira, Zoroaster, the Hebrew 
Prophets, Jesus Christ, and Mohammed were all active in 
times of great economic and social transition. They expressed 
a violent criticism of the society existing in their times, and built 
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up successively new schemes of the rights and duties of mankind. 
These, it is true, were expressed in religious terms, and the 
reformers often claimed that they were restoring the just and 
stable relations of older times. However, in social life there is 
no turning back, and the great religious reformers became, 
whether they wished to or not, social innovators. As such 
they became as surely the founders of social science as the 
Nature philosophers of Egypt, Babylonia, and Greece were the 
founders of physical science (pp. go, ii8). ^ 

The new social interpretations, the new ideologies, did not 
arise only out of the struggles of critical periods. They were 
themselves powerful weapons in effecting the change to a 
new order. Knowledge of society is never a passive dogma; 
h is alway^s aciive enTj^ iTTpreseT^ng TcSim 
s ystem . The great movements of bourgeois liberation from the 
restriction of feudalism—the Renaissance, Reformation, the 
rebellions and revolutions of the sixteenth, seventeenth, and 
eighteenth centuries—all occurred in periods when the bases of 
society were put in question. Here, though at the outset the 
formulation was still in terms of religion, the influence of the 
new natural sciences began to make itself felt, and social science 
as a definite scientific discipline can be said to have been born. 
It was then that the comprehensive though ill-defined doctrines 
of liberal individualism which were to become the dominant 
ideology of capitalism first took form. 

In the nineteenth century, when the social order of capitalism 
began to be challenged by the working class in the name of 
socialism, a new cycle of social criticism and understanding was 
set in motion. This has gone on with gathering momentum 
ever since, and is at its height in our own time—one of change 
and stress unequalled in any era of the past. Never before has 
the field of the social sciences—the very framework of society 
and the rights and duties of every individual in it—been the 
subject of such searching and passionate debate. 

Between the years of stress, however, consolidation of 
privileges takes place and with it a gradual freezing of social 
science as orthodoxy in religion and politics. This leads to an 
active discouragement of social inquiry for fear it should be¬ 
come the basis for further social change. In the age in which 
we live we can observe both the tendencies of conservatism and 
those of change. In the orbit of so-called Western civilization, 
that is in capitalist countries and their dependent territories, 
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we can see the last stages of the general suppression and mysti¬ 
fication of the knowledge of society. There is great insistence 
that the study of society is a pure and objective science, divorced 
from direct concern with the changes in society. This, though 
it ostensibly puts the social sciences in the category of the 
respectable physical and natural sciences, removes from them 
the possibility of experimental test, the only means of solid 
advance. Social science becomes an accumulation of harmless 
platitudes with disconnected empirical additions. Where 
the social sciences are invoked it is to justify the existing order, 
cither directly by pointing out the essential harmonies of the 
system, or indirectly by pointing both to the impossibility and 
the wickedness of any suggestion of cfianging it. 

Meanwhile, not only in the socialist part of the world, in the 
Soviet Union, in the People’s Democracies, and in China, but 
wherever people are coming together to criticize and oppose the 
oppression of class societies, new kinds of social science have 
been growing up. These begin at the other end; they arc 
practical social sciences in which the peoples themselves are 
changing their social relations together with their material 
environment, and are discovering the piinciples and mode of 
operation of society at the same time. This is the first full 
social science^ because, as in the case of the other sciences, here 
also it is only out of practice and through practice that a secure 
foundation for human knowledge can be laid. 

The historic element in social and natural sciences 

The fact that the social sciences are and must be closely 
related with political and economic struggles distinguishes 
them in degree, though not in kind, from the physical and 
biological sciences. For, as explained in earlier chapters, the 
latter are also far more responsive to social factors than has 
usually been recognized. In another respect also, the fact that 
they deal with rapidly and irreversibly changing phenomena, 
the distinction between them and the other sciences, though 
large, is also only of degree. 

Both natural and social sciences change in methods as 
they advance, but whereas, until very recently, the change 
in natural science depended only on the increasing march of 
knowledge, over most of social sciences not only do methods 
change but the field studied changes even more rapidly. In¬ 
deed specifically in history, and in other social sciences to the 
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extent that they are historical, the chief interest is in that very 
change itself. Though the methods of acquiring facts about 
the past or present, as developed in the sciences of archaeology 
or anthropology, may change comparatively slowly, the 
methods of interpreting those facts change with the experiences 
gained from the movements in the history of today. This 
tendency, which has always operated in historical studies (for 
much of history has been studied largely on account of the 
support it gives to the protagonists of current controversy), has 
only been made fully conscious through the influence of 
Marxism. 

The open admission that this is the case is still strongly resisted 
in most academic circles, while the predilection for the study of 
ancient history and anthropology has arisen to a very large 
extent from the desire to escape from the difficulties of having 
to analyse and study the nature of our own societies effectively, 
that is practically. / We still know far more sociologically and 
statistically about the economic life of a West African village 
than we do about that of an industrial town in Britain. That is 
largely because it seemed reasonable, at least until very recently, 
to treat the African village as a stable entity to be changed as 
little as possible, and then only in the interests of the occupying 
power, which changes, needless to say, must always coincide 
with the true interest of the natives. On the other hand, the 
people of the industrial town might want a great deal done if 
they were made aware of what was possible by an effective 
social study in which they participated. 

This criticism of escapism does not apply fully to the best work 
in social studies in primitive or vanished communities. Such 
studies are already illuminating much of what we take 

for granted in modern society, showing us to what extent we 
carry with us as “ human nature ” or “ self-evident truth ” ideas 
which survive merely because they have been taken over un- 
examined from the forgotten past, and are found to be most 
convenient to the dominant class of the present day.®*^^® 

Spontaneous change in society and Nature 

We are beginning to learn that the historic aspect, which is 
all-important in the social sciences, has still a large part to play 
in the biological sciences, where we call it evolution, and even 
in the physical sciences (p. 540). The whole of science has 
much more in common with the social sciences than we have 
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thought in the past and is, like them, though not so obviously, 
very much influenced and controlled by the ruling classes of 
the various societies that have contributed to its development. 
In this respect the social sciences have another most important 
contribution to bring to the rest of science. It is in society and 
only in society that wc can easily and repeatedly observe really 
spontaneous changes at work, that is changes arising from 
inside a system itself and not merely due to the effect of external 
influences on it. Over and over again in history, even in the 
history of our own times, such changes or revolutions have 
occurred and can be studied. In the past, it is true, for lack of 
explanation they were often referred to trivial or supernatural 
origins, but with increasing social awareness it has become more 
and more apparent that they originated in internal conflicts. 

It was the observation of social change in the great distur¬ 
bances of the mid-nineteenth century that led Marx, as wc 
shall sec (pp. 736 f.), to the understanding of the fundamental 
dialectical nature of spontaneous change in society. 

The place of the social sciences in general science 

The accepted system of the order of the sciences places the 
social sciences as the last members of a series that begins with 
mathematics, runs through physics and chemistry to the biology 
of animals, to that of man, to psychology, and ultimately to 
sociology. Scientific knowledge begins, in this view, with the 
exact sciences and ends with the social sciences. Actually this 
arrangement disguises and distorts the relation of man to 
society. The whole scheme has essentially a religious origin, 
one that treats the creation of man and the ordering of society 
as divine commands and not as a natural self-development from 
an animal stage. The first formation of human societies 
through work in common, with the development of language 
and traditional techniques, helped to create the psychology of 
man as we know it and profoundly modified its material basis 
in brain and body. Certain aspects of psychology, the study of 
those faculties which man has in common with the animals, 
such as the acuteness of hearing or the mechanism of image 
formation in the brain, are essentially part of biology (pp. 653 f.). 

Nevertheless the major part of psychology deals with man as 
he has been made by society. For the characteristic of man¬ 
kind as a whole that marks him off from all non-social animal 
species is the persistence and continuity of social integration. 
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Even the most elaborate of animal societies have nothing 
approaching the practices of training and tradition that we find 
in the most primitive human groups. Man cannot properly be 
said to exist outside society. Each one of us from birth is put 
through an elaborate system of what is called “ bringing up,’’ 
with countless traditional performances and responses elicited 
and fixed by habit at every stage from the cradle to the grave, 
both, incidentally, social constructs. In a very real sense Man 
is a self-training animal (p. 45). Everything we call “ natural ” or 
“ human nature ” is wholly a product of human social con¬ 
ditioning. When we say these conditions are permanent, that 
there is such a thing as an unchanging human nature, we are 
either repeating the statement, which is untrue, that society 
itself does not change, or else we arc expressing the wish, whicli 
is genuine enough on the part of some people, that it should not 
change. Man’s psychology, his wishes, his fears, failings, and 
virtues, arc all part of this self-perpetuating social pattern, 
continually changing yet retaining an unbroken connection 
with that of earlier times. The social sciences are not a group 
of separate studies, but one single study of one single and grow¬ 
ing society, however many and varied its branches may be. 

Values as social constructs 

It is not only psychology that lies in the field of the social 
sciences. So does the study of the whole body of ancient 
attitudes that we have called philosophies and religions, with 
their sub-sections on ethics, morals, and aesthetics. The so- 
called eternal values sanctified by Plato—the good^ the true^ and 
the beautiful —arc social constructs and have no meaning apart 
from society (p. 138). Not only that, they grow and change 
with society, and all attempts to fix them or elevate them into 
eternal values are simply attempts to fix the particular forms 
of society, attempts always doomed to failure. 

This does not mean that no values are real. Every achieve¬ 
ment of man in understanding and improving his relations 
with his fellow men is a positive achievement as real as any 
technica l one. But instead of being, like technique, embodied in 
material objects, they take form in often even more permanent 
social institutions. There are good actions, true sayings, and 
beautiful things, but these are the acts and choices of real men 
and women, and the values they have come to represent are no 
empty abstractions but the cumulation of human experience 
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throughout the ages. Though the contributions of the creators 
of human values—the poets, the builders, the revolutionaries 
of the past and the present—are not lost, they have become an 
undying part of a common human tradition. 

Nevertheless, because that tradition always grows and changes 
they can represent no finality to which the future must be 
bound. What is good, true, or beautiful changes with the 
times. New and more complex societies make more exacting 
demands which only the people who live in them can satisfy. 
At all times in history there is a struggle in society between the 
forces of the future that will bring new things into being and 
the forces of the past that strive to stifle them. 

The great human creations in morals, in science, and in art 
arc brought into being at each stage of the struggle by the 
progressive forces. For that very reason they have a common 
character which still moves and inspires the struggles of later 
times. In that sense and in that sense only do they represent 
permanent values. Taken blindly, as established truths, they 
can in later ages be used to retard social development. Then 
they have to be fought against and broken; new wine must not 
be poured into old bottles. It is only by accepting the fact of 
the change of attitude towards values in society that we can 
understand the deeper and more permanent nature of the 
values themselves, and use them fruitfully and harmoniously in 
building a new society. 

The methods of the social sciences 

It is not only in subject matter but also in method that the 
social sciences differ from the natural sciences. In this respect 
social sciences have been most badly served. Three different 
and incompatible methods—literary, biological, and mathe¬ 
matical—have been successively, and are now being simul¬ 
taneously, applied to the study of social problems. As will be 
shown in later sections, the social sciences have suffered from 
not being treated by methods suited to the complex and self- 
involved nature of human societies. By attempting directly 
to apply the methods of other sciences, especially biology, over¬ 
simplified, false, and dangerous conclusions have been reached. 
The use of statistics has often given a delusive appearance of 
accuracy to social data. 

The disputes, inconsistencies, and vagueness of the social 
scientists have made the general public uncomfortably aware 
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that social science is not quite the same thing as natural 
science. The attempt to pretend that it is so is premature, at 
best an illusion, but sometimes a conscious deception. The 
efl'cet of teaching social science without realizing this renders 
such teaching a waste of time; it creates a false sense of achieved 
knowledge, and in doing so actually prevents the student from 
seeing the most elementary things that he might have hit on 
himself without any science at all. 

The existence of classes and the exploitation of the poor by 
the rich have been for 4,000 years the most outstanding ftict of 
social life. Yet in the ‘‘ science ” of society far greater efforts 
have been made to pass it over or explain it away than to study 
it and work out the consequences of the fact itself. What 
social science needs is less use of elaborate techniques and 
more courage to tackle, rather than dodge, the central issues. 
But to demand that is to ignore the social reasons that have 
made social science what it is. To understand that we need 
first to look more deeply into its history. 


12,2—THE IIISTORT OF THE SOCIAL SCIENCES 
Social science in antiquity 

The preceding paragraphs contain a brief and formal analysis 
of the social sciences and of their relation to the natural sciences 
and to other aspects of culture. To be complete such an analysis 
requires, especially in the case of the social sciences, a study of 
their history in relation to general historical developments. 
Now this relationship, which it is the major purpose of the 
book to discuss, is a very different one for the natural and for 
the social sciences. On the one hand the social sciences have 
contributed little or nothing directly to the changes in produc¬ 
tive methods on which all permanent improvements in man’s 
lot depend; on the other they arc linked far more closely than 
arc the natural sciences to changes in the economic and political 
institutions of society. They are also more evidently related 
to pre-scientific traditional ideologies of religion and philosophy. 
For that reason to understand them fully it is necessary to go 
back to the very beginning of human society. 

The social science of early man: ritual and myth 
The origin of man and of society has been discussed in an 
earlier chapter (pp. 38 f.). Man’s own concepts of that origin, 
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arising from ritual and myth, could be expressed only in terms 
of the society he knew. There are innumerable examples of 
this in the myths of existing savages (p. 55), and we may here 
fairly presume the same for primitive man, as his material 
remains indicate that he practised very similar rituals. These 
recalled, through imitation or symbolism, the important events 
in actual life and implied the practical belief in the magical 
control of Nature by man. The purpose of the ritual and 
its accompanying songs and myths was in the first place to 
secure food or other desirable goods. Almost as important, 
and not clearly distinguished from it, was the maintenance of 
the social pattern. The common rites de passage from one stage 
of life to another: the birth rites, the initiation rites, the 
marriage rites, and the funerals which arc still enshrined in the 
sacraments^ all were dramatic representations and fixings of the 
necessary relations of social life. The importance and the 
strength of myth and ritual arc shown by the fact that, in spite 
of a transformation to quite a different way of life, a great deal 
of this old myth and ritual is still with us, embalmed in the 
structure of the surviving religions of today and also in the 
common customs that have outlasted the religions of the past. 

From myth to morality 

But as society became more complex and classes arose such 
myths were found to be inadequate. It is fascinating to trace 
the transition, with civilization, of the early magical and mythical 
analysis of society into one which becomes moral and rational, 
one in other words corresponding more to the organizations and 
technical necessities of city life (pp. 71 f.). The process is a 
natural one, as is shown by its parallel development in ancient 
China, in India, in the Near East, and even in the civilizations of 
the Americas.In all cases the old pictures arc not destroyed, 
but they are given a new meaning. The original codes of 
behaviour of the Hebrews, now to be found in the book of 
Leviticus^ were largely primitive tribal taboos and magical 
precepts.The ten commandments that we know from the 
book Exodus are the result of later changes, when the moraliz¬ 
ing influence of civilization had had time to prey on the older 
irrational tribal customs. 

The order of the transformation is that in the first place an 
action such as eating a totem animal is avoided because it is 
not done {ne-fas, fatal), or more precisely because it is firmly 
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believed that it will automatically bring disease or starvation to 
the tribe. In barbarian times this operation of natural forces 
becomes personalized in the form that “ such and such actions 
arc unlucky and will remove the favour of the gods ” from the 
individuals practising them. It is only when we come to 
civilization that we find that such and such an action is con¬ 
sidered inherently immoral. In the process the more pic¬ 
turesque elements tend either to be dropped out altogether or 
retained only in an allegorical sense, ultimately to become mere 
ornaments, like the paper horses burnt at Chinese funerals or 
our own superstition about spilling salt. 

We must not delude ourselves into thinking that this corre¬ 
sponded with any actual improvement in morals; in fact rather 
the contrary was the case. Savage culture is sufficiently 
eqiialitarian not to require either the internal sanctions of 
morals or the external sanctions of law. Laws as such appear 
only when class distinctions have hardened and property and 
privilege must be protected. The discovery of a law prohibiting 
a certain offence is not a proof that such ofl'ences were not 
committed, but rather that they were on such a large sccile that 
they could no longer be ignored. The rise of a conscious moral¬ 
ity corresponds to the transition, already discussed, from a 
tribal classless society, with goods in common, to a class society 
in which property is privately appropriated. 

The growth of class societies also corresponded, as wc have 
already seen (p. 63), with the transformation into primitive 
science of that part of ritual and magic that dealt with the 
control of the external material world. A theory of society, 
embodied in religious myths, was necessary only when it 
was needed to explain and defend an inequitable system. 
Official morality, with its parallel in laws, is intrinsically a two- 
faced device. On one side it exhorts the majority of the 
population, that is the poor and humble, to refrain from actions 
which would incommode the ruling classes; on the other it 
creates an aura of respect for those ruling classes by setting up 
an ideal of right and justice calculated to satisfy the people that 
oppression will be kept within bounds. It is interesting to 
note how many of the precepts of the Bible are concerned with 
exhorting the rich to limit their rapacity.^*'*^ As class societies 
became decadent and conflict-ridden, official morality tended 
to rest increasingly on religion, in which imaginary gods, 
symbolized by their statues or emblems, were regarded with 
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more awe than the wealthy chiefs or priests in whose image they 
had originally been made. 

The philosophy of the gentleman 

It is at this stage too, in the social just as much as in the physi¬ 
cal sciences, that the split occurred between the theoretical and 
the practical, between the book-learning of the ruler and the 
traditional lore of the ruled, and this is most apparent in the 
philosophies of the early civilizations of India, China, and 
Greece. The split appears between the philosophy and know¬ 
ledge needed by the ruler—the superior man or gentleman of 
Confucius, the Brahmin of India, or the philosopher of Greece 
- and the simpler knowledge and more prescribed prac tice of the 
common people (p. 119). In these three centres of civilization 
(and probably also in Babylonia and Egypt, though we know 
less about them) conscious attempts were made to formulate a 
systematic body of knowledge of society for the benefit of those 
intending or being called upon to rule the state. Such an account 
is to be found in the Chinese classics, particularly the classic 
referred to as the “ Great Learning,’* which states explicitly 
that the main value of philosophy is as a guide to good ruling: 

Things have their roots and branches, human affairs 
their endings as well as beginnings. So to know what comes 
first and what comes afterwards leads one near to the 
Way. The men of old who wished to shine with the 
illustrious power of personality throughout the Great 
Society, first had to govern their own States efficiently. 
Wishing to do this, they first had to make an ordered 
harmony in their own families. Wishing to do this, they 
first had to cultivate their individual selves {hsiu shen). 
Wishing to do this, they first had to put their minds right. 
Wishing to do this, they first had to make their purposes 
genuine. Wishing to do this, they first had to extend 
their knowledge to the utmost. Such extension of know¬ 
ledge consists in appreciating the nature of things. For with 
the appreciation of the nature of things knowledge reaches 
its height. With the completion of knowledge purposes 
become genuine. With purposes genuine the mind 
becomes right. With the mind right the individual self 
comes into flower {shen hsiu). With the self in flower the 
family becomes an ordered harmony. With the families 
ordered harmonies the State is efficiently governed. With 
States efficiently governed the Great Society is at peace.®* 
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Essentially similar in character was the Plato of the Republic 
and the Laws, Both were essentially rational and practical 
guides to a cultivated aristocracy (p. 136). 

The moral and intellectual ideal held up by the Chinese and 
Greek philosophers is that of the superior man or gentleman^ not 
himself a ruler but an adviser to rulers, who knows what should 
be done and is willing, for a consideration of being respected 
and well looked after materially, to inform the prince of the 
admirable behaviour of his ancestors or of the line of action 
indicated by pure reason. This concept of a practical social 
science, including especially history, philosophy, and a know¬ 
ledge of the classics as the basis of an education of upper-class 
youths in the art of ruling, has passed on almost unchanged 
from the Greeks to the present day. 

Mysticism and the rejection oj society 

The Indian solution, which was adapted to a more rigidly 
stratified society, was somewhat different, as were those of the 
Chinese Taoists^ the ^oroastrians^ and the mystery religions of the 
West. Here knowledge was sought as a way of escaping from 
society rather than attempting to control it. The learning of 
the ascetics or yogis was not thought of as social knowledge, 
though it was in fact a kind of negative social knowledge, an 
analysis of society in order to show how hopeless it was to do 
anything about it, one leading essentially to withdrawal, 
inaction, and a belief in non-existence (p. 125). In effect the 
ascetics and mystics were not socially neutral; by their very 
existence they excused, almost invited, the maintenance of 
oppression and misery by unenlightened rulers whose actions 
might, like drought or pestilence, be considered as part of an 
inscrutable divine plan. The idea which the ascetics strove 
consciously or unconsciously to impress on people and rulers 
alike was that holy men acted as spiritual lightning conductors, 
protecting an evil society from the wrath of God. 

The Bible and the people 

A different, though still religious, solution was the attempt to 
defend, as by divine sanction, some at least of the characters of 
a clan society against the debt and slavery which were the 
inevitable concomitants of class diflerentiation. Such attempts 
must often have been made, but only that of the Jews was to 
have a lasting effect in world history. This was due in part 
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to its incorporation in written form in the Bible, in part to the 
firm retention of customs by Jews scattered throughout the 
world, and ultimately to the incorporation of much of the 
Jewish tradition in both Christianity and Islam. The position 
of the Jews in the ancient world has already been discussed 
(pp. io8f.). They had to maintain a continuous struggle for 
existence against more powerful, more civilized, and more 
economically developed neighbours. In this struggle the 
princes and wealthy Jews were always tempted to collaborate 
with the foreigners. Against them time and again the people, 
inspired by the denunciations of the prophets and fortified by 
the Law, put up a dogged and eflective resistancc.'^*"^^^ It is 
especially in the book of Deuteronomy^ with its insistence on 
the liberation of slaves and limitation of debt, that we find a 
social code which at least limits and mitigates the total brutality 
of class rule, as exemplified for instance in Babylonian or 
Roman law. 

The resistance of the Jewish people was an isolated one; it 
depended too much on their belief in their peculiar covenant 
with Jehovah for it to be able to spread directly to other people. 
But the same conditions gave rise to a similar, if less explicit 
and effective resistance of exploited peoples everywhere. The 
history of antiejuity, despite its upper-class character, is forced 
to record a sequence of agrarian struggles, democratic insur¬ 
rections, and slave revolts where the impetus certainly came 
from below. As civilization spread there grew up, in opposition 
to the superior science of the philosophers, the practical social 
knowledge of the great mass of the population, the poor and 
oppressed. It was with the people rather than with the princes 
or the priests that the true repository of morality was to be found. 
This was a positive morality of forbearance, comradeship, and 
mutual help, uncorrupted by the anxieties of maintaining the 
sanctity of the class system. The philosophy of the poor was 
not a conscious literary or philosophic creation, but it was 
embodied nevertheless in well-maintained customs, and was 
recalled and kept alive in the thousands of songs and proverbs of 
the people, not all of them expressing the highest respect for 
their betters. 

The Greek analysis of society 

Neither the religious nor the popular expressions of social 
consciousness may properly be called science. They lacked 
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coherence, terminology, and logic. As in all other fields of 
thought, it was the Greeks who produced the first analytical and 
logical presentation of the social sciences. Indeed we owe to 
them the whole terminology of the subject: ethics, economics, 
politics, and history itself are all Greek terms. The debates, 
the revolutions, the wars of the Greek city states all turned on 
social questions, in which the division of the classes was the most 
prominent. To the Greeks, man was primarily a citizen— 
the zoon politikon^ the political animal of Aristotle—though the 
more primitive classless tribesman was just below the surface. 
The problem of city government dominated social science, 
indeed it led to the first systematic observations in the field, 
such as the collection and comparison by Aristotle and his 
research workers of the constitutions of 158 cities (p. 147). 

His objective, intrinsically unattainable, was to find some 
system which should provide social harmony while not abandon¬ 
ing class privileges. This was indeed the purpose of his 
doctrine of the mean. Moreover, the Greeks were not limited 
to comparing one of their own cities with another; they also 
travelled and traded with peoples of many different grades of 
social organization, from primitive tribes to the highly organized 
empires of the East (Herodotus is the father of anthropology as 
well as history). Nevertheless, like the British in their time, the 
Greeks had a feeling of the natural superiority of their own 
city states; the others were just barbarians, people who said 
ba-ba and could not even talk properly, and whose customs 
were to be avoided rather than copied. This knowledge of a 
socially different outside world did, however, give Greek 
thinkers an objectivity which the Indians and Chinese lacked. 

The major contribution of the Greeks to social science was 
their success in abstraction, in finding words to express common 
elements in diverse situations without always having to refer to 
particular instances. This made discussion possible, but it also 
made it far too easy to use abstract words as if they referred to 
self-subsistent things, and by an abuse of logic to draw from 
them conclusions to fit any preconceptions. This was a most 
deliberate practice, as the Socratic dialogues show, and was 
aimed at putting discussions of actual cases out of court. If, as 
in the Republic the ideal of justice is abstracted from the 
conditions of the city where it is dispensed, it is possible to 
justify in its name the most arbitrary and undemocratic con¬ 
stitutions. This abuse of abstraction was somewhat mitigated 
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in the physical sciences, where at least abstractions could 
be counted and measured. In the social sciences abstract 
categories have proved to be unmitigated nuisances and obstruc¬ 
tions. The values and ideals that the Greeks had words for 
still plague us to this day. 

Nevertheless, as in the case of the physical sciences, any 
serious attempt to formulate a scientific study of society must 
henceforth stem from Greek sources. Before, however, they 
can safely be used it is necessary to understand how much of 
the social philosophy of the Greeks was an attempt to justify 
privilege and slavery, and this bias needs to be heavily dis¬ 
counted in attempting to apply it to current problems. The 
Greeks can still be most dangerous masters. Marx, it is true, 
began his intellectual work with his thesis on the atomic 
philosophy of Democritus and Epicurus. But these were 
disturbing and radical teachers, outside the main stream of 
Greek thought, though fated, as we have seen, to inspire the 
whole of modern science. In the history of the social sciences 
a major task has been to break the chains of conformist belief 
enshrined in the work of Plato and Aristotle, a task which has 
taken much longer in the social than the natural sciences and 
which is not yet complete. 

Roman law 

The Romans, for all their unimaginativeness in natural 
science (p. 163), had much more practical knowledge of social 
science. It was knowledge acquired the hard way, first in 
stifling by force or settling by compromise the class conflicts 
in their own city throughout the long struggle between patricians 
and plebeians, and then in conquering, exploiting, and adminis¬ 
tering the Empire. That knowledge was expressed not so 
much in philosophy as in law, Roman law was the most 
complete codification of the conditions of domination of society 
by the holders of money and political power. In Roman law 
the rights of property were paramount. Property included, 
and indeed largely consisted of, slaves, so that the most appalling 
private injustice could be approved in the name of public 
justice. Nevertheless it did represent an ordered setting out 
of social relations (p. 165). Roman law did not survive, as an 
operating code, the administrative system in which it was 
formed, and became a dead letter in barbarian times. Never¬ 
theless it remained for centuries the framework in which the 
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literate could see society in a rational way. The study of law 
was to be one of the ways in which the nature of society was 
to be rediscovered after the Dark Ages. 

12 .z—SOCIAL SCIENCE IN THE AGE OF FEUDALISM 
Social science and the early Churches 

It was, however, a different but allied system of social 
thought that was to take the place of law and order after the 
disappearance of the Empire. As we have seen (pp. i8i f.), the 
break-up of the classical, mainly Mediterranean, civilizations 
coincided with the rise of organized religion, an essentially new 
feature in human history. This was in the first place a more 
basically democratic system based on the congregation of the 
faithful. The model was the Synagogue of the Jews, originally 
a rallying place of the resistance movement, clinging to its 
law and ritual as a protection against the power of foreign 
rulers. The early Christian Churches^ though they grew up as 
revolutionary and communist in the tradition of their founder, 
had to build up their social philosophy from the elements they 
found around them, which were largely Jewish or Greek. The 
need to defend Christianity against both the ideas and the 
physical persecution of the heathen world, forced the separate 
congregations to unify their beliefs as they strengthened their 
organization, though heresy and schism prevented them from 
presenting at any time a completely united front.'*^-^’^’ When, 

from economic collapse and barbarian invasion, imperial 
authority and secular culture were at their lowest ebb in the 
western Empire, the Church was able to take over, and to 
control and regulate almost every aspect of social life in an 
organized way. 

Where this collapse had not occurred, as in the Eastern 
Empire, neither the Christian Church nor its successor in Asia 
and Africa, the faith of Islam, ever acquired any corresponding 
central organization, nor were Uiey able to exert the same politi¬ 
cal force. Nevertheless, even in these countries, and in India 
and China as well, religions tended to organize themselves, 
though on a looser and more local basis. In Islamic countries 
a great coherence of orthodox doctrine and law was achieved 
through the institution of universities {madrasah)^ originally 
schools attached to a mosque. Buddhism developed its own 
monastic organization in the lamaseries by means of which it 
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spread through most of eastern Asia. It was, however, only 
in backward areas such as Tibet and Mongolia that it led to the 
establishment of a religious hierarchy as powerful as that of the 
Pope. Brahminism remained the least organized of all, with 
no fixity of belief or cult; but through the institution of caste, 
of village and family priests and of pilgrimages, it maintained 
an extraordinarily persistent pattern of culture in its native 
land, though for the same reasons it failed to spread abroad. 

Creed and faith 

The establishment of organized religion put an end to fluidity 
of belief; it also ensured a set of institutional bases for definite 
theories of society. Indeed religious orthodoxy contained a 
complete scheme of social science, which, though taken over 
from mere secular practice, was before long firmly believed to 
have been laid down by divine order once and for all. Modern 
social science does not therefore begin from an unprejudiced 
examination of society, but from modifications, at first tentative 
and conforming and becoming gradually more bold and here¬ 
tical, of the religious picture of society. 

The city of God 

Even religious orthodoxy, for all its apparent permanence, 
has its history. The Church had in fact largely to remake 
social science in the West. The heritage of the classical philo¬ 
sophers and jurists needed considerable adaptation to the con¬ 
ditions of the decaying Roman Empire, or of the barbarian king¬ 
doms that followed it. One aspect of the change was the need to 
bring into harmony the concept of the individual detached soul 
escaping by an ascetic withdrawal from the wicked world, an 
idea derived from the old mystery cults and powerfully rein¬ 
forced by Manichasism (p. 192), and that of the recovery and 
maintenance of order in this world, so that at least the Church 
could flourish in security. This necessitated investigations both 
of the nature of the %ou\—psychology, though the word is a later 
one—and of the framework of society, the divine ordering of 
the temporal world. It is interesting that the first of the 
classical authors who is known to us to have occupied himself 
with the problem of the upbringing of small children was St 
Augustine, and his observations and recollections of childhood 
went far to confirm him in his theological support of the doc¬ 
trine of original sin. It was also St Augustine who adapted 
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the Greek Platonic ideal to the conditions of a decaying 
classical civilization. His City of Gof a spiritual consolation 
for the fall of Rome in a.d. 410, was the first conscious plan on 
which the medieval world was to be built (p. 186). 

The Prolegomena of Ibn Khaldun 

The social sciences of the Muslims suffered in the attempt to 
reconcile the Koran with the complexities of the life of the 
conquered cities (pp. 194, 219). Most Islamic philosophers 
treated social subjects with an infusion of Platonic and Aristo¬ 
telian ideas. The only original contribution was that of Ibn 
Khaldun (p. 198), who prefaced his treatise on history with a 
theory of economically determined social development fore¬ 
shadowing Vico and Marx. 

The sociology of the schoolmen 

The great medieval scholastic disputations were largely about 
social questions, particularly questions of government, as for 
example on the respective spheres of Pope and Emperor. 
St Thomas Aquinas’ Summa Theologica lays down the character 
of a just society, conformable to scripture and reason (p. 220), 
while Dante in his Divina Comniedia and De Monarchia presents this 
world view as a background to the turbulent life of Italian cities. 

The general conception of both saint and poet was in har¬ 
mony with an integral and hierarchical society, so well estab¬ 
lished as to seem natural, in which the parts were mutually 
dependent and in which everyone had his right place. It was 
in essence a Christianized Aristotelianism. The terrestrial 
social universe corresponded point by point with the great 
celestial universe (p. 227). Angels of appropriate rank took 
their station beside individual men and ruled the stellar 
spheres. This system was explicitly also a changeless and dur¬ 
able one, subject to God’s will. It was founded at the creation 
and it would endure till the last trumpet had sounded, when the 
celestial hierarchy would be fixed for ever. 

Heresy and social criticism 

This ideal did not long, if ever, correspond to reality. The 
actual Church tended to accumulate wealth and become itself 
the largest of feudal institutions. Criticism of religious belief 
came the more easily from being linked with that of the un¬ 
christian behaviour of the clergy, and of their exploitation of 
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peasants and the lower bourgeoisie of the towns. The heretics 
tended in one way or another to go back to early communist 
C4hristianity, with a strong infusion of the prophetic books of the 
Bible. At first the heretics were limited to the more economic¬ 
ally advanced regions around the Mediterranean, and were 
easily put down by crusades and inquisitions. In the latter 
Middle Ages, with the peasant revolts in England and France 
and with the initially successful rising of the Hussites in Czecho¬ 
slovakia, their suppression proved a more difficult and ulti¬ 
mately a hopeless task. Despite their religious formulation, 
all these heretical views were originally based on a criticism of 
the injustice of the class system of feudal Europe, but they were 
unable by themselves to break it down, because they had 
nothing essentially different to put in its place; that required the 
operation of more powerful economic forces. 

1 2 .^SOCIAL SCIENCE AND THE BIR TH OF CAPITALISM 
The Renaissance transformation 

These forces were to be found in the growing strength of the 
towns and of the new commerce and manufacture, now in the 
hands of the rising bourgeoisie, with quite different ideas 
(pp. 257!.). Just as the system of the heavens could not 
satisfy the navigational needs of the new commercial age of the 
Renaissance, so the social philosophy of the Middle Ages could 
not satisfy its economic demands. An economy based on land 
and the traditional exaction of personal service had to give way 
to one based on trade and small-scale manufacture. The use of 
money, or rather the charge for using it, had to change from 
the sin of usury to the meritorious lending at interest. Services 
were no longer a matter of loyalty secured by title to land, but 
had to be bought and paid for. A man was worth what he 
could make. 

While clinging to the forms of religion and even claiming to 
go back to an older and purer one, the reformers destroyed the 
whole concept of a unitary social system. What they had to 
put in its place was an atomic one, a concept of society as an 
assembly of individuals each of whom had to make his separate 
treaty with God, and achieve salvation, either by faith or by 
predestination, according to whether he followed Luther or 
Calvin. In this respect the Catholic Church came ultimately 
to agree with the Reformed, Although it held out on theo- 
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logical dogmas, the Council of Trent (1545-63) went a long 
way to accepting the individual view of salvation through the 
doctrine of Grace, and with it went the abandonment of the 
integral social theory of the medieval Church. 

The medieval world-picture was built into so much of the 
structure and custom of society that it took the efforts of many 
thinkers a long time to build a consistent picture of the new 
individualist world. Machiavelli was the most notable of the 
men of the Renaissance to look at society as clearly and dis¬ 
passionately as the painters had looked at Nature. Patriotic 
and essentially democratic Florentine though he was, he could 
see nothing in his time that could succeed except a carefully 
balanced play of self-interest, force, and cunning. But even 
then it did not pay to put down in writing the principles on 
which so many of the great and pious of history were acting, and 
all it earned him was a bad name which has lasted to this day. 

Reformation and revolt 

The early reformers were by no means a socially homo¬ 
geneous group. The leaders, like Luther and Calvin, came to 
be associated with the princes or with the wealthy bourgeoisie 
of the big towns. The mass support of reform came from much 
smaller folk, artisans and peasants, who wished the reform to 
be as evident in this world as in the next. They tended to mix 
their criticism of the wickedness of the rule of the Pope and his 
servants with one of the whole system of oppression of the poor 
by the rich. This led to peasant and artisan revolts in Ger¬ 
many and Hungary which, after some successes such as the 
setting up of an Anabaptist commune in Munster, were repressed 
with even greater ferocity than those of earlier times. 

It was from that age, the early sixteenth century, that the 
idea of a deliberately instituted Communist State, derived in 
part from Plato and in part from early Christianity, began to 
take shape. The most famous of these accounts, and the one 
which has given all of them their name, was the Utopia of the 
humanist Sir Thomas More. Though he was of the new upper 
bourgeoisie, he was disgusted by their greed, and tried to find a 
way of avoiding through a communist society the corruption of 
wealth and power. It is in keeping with his character that he 
died in defence of the old faith. Almost contemporary, 
though in a very different vein, was the work of Rabelais, a 
doctor of medicine and a boisterous critic of all pedantry and 
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intellectual relics of the Middle Ages. His Gargantua was at 
the same time a programme of the new humanistic freedom 
(p. 261). Fats ce que voudra is a distant anticipation of laisser- 
faire. Through all his joviality there ran a serious vein. His 
phrase Science sans conscience n^est que mine de Vame^ though 
intended for the venal humanists of his time, has its message 
today. 

The later humanists, chastened by the miseries and dis¬ 
illusions resulting from the wars of religion, had lost the gay 
optimism of the high Renaissance. But the very experiences 
they had been through gave them a more balanced view of the 
nature of society. Cervantes (1547--1616), a broken Spanish 
soldier, writes the epitaph of feudalism in Don Quixote, llie 
same questioning runs through the plays, particularly the later 
plays, of Shakespeare. Montaigne (1533-92), a Gascon country 
gentleman whose highest State office was to be Mayor of Bor¬ 
deaux, expresses the most reflective thought of the transition 
to the bourgeois era. In their work is to be found more social 
science than in that of all the moralists or philosophers of the 
time. The majority of Renaissance philosophers, dependent as 
they were on princely favour, deliberately and prudently avoided 
social questions and concentrated on the individual man’s 
attack on Nature, though with Bacon and his followers there 
was also the recognition that ‘‘just as merchant adventurers 
fared better in companies so might philosophers” (p. 304). 

Natural law 

In the transition from the religious view of society to the 
commercial one a large contribution was made by lawyers. 
Their very profession forced them to undertake much of the 
work of adapting the whole legal and political system to the 
needs of the new economy. To them, however, it seemed that 
tliey were merely restoring the eternal principles of natural law, 
free from the accretions of barbarous ages. The sixteenth- 
and seventeenth-century jurists were the heirs of the humanists, 
and the most distinguished of them always strove to soften the 
violences of religious antagonism in the service of a cultured and 
tolerant society, preserving, however, the sacred rights of 
property. Bodin (c. 1530- 96), a Frenchman, laid the founda¬ 
tion of a science of history and understood how closely it 
linked with economics. He was the first to explain the nature 
of the great inflation of the sixteenth century. 
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The greatest of the lawyer philosophers was Grotius (1583“ 
1645), the founder of international law. This had become 
important by the beginning of the seventeenth century, not only 
because of the establishment of sovereign States, but even more 
because of the extension of trade over the whole world, touching 
countries with quite different civilizations. Grotius’ own con¬ 
tribution, indeed, started with a brief he held for the Dutch 
East India Company. Later, after escaping from life imprison¬ 
ment to which he had been condemned for supporting religious 
toleration, he was led to reformulate the whole basis of a 
natural law independent of Church and State. 

The birth of bourgeois social science 

The real new birth of bourgeois social science came with 
the great religious, national, and class struggles of the late 
sixteenth and middle seventeenth centuries.To justify 
rebellion against the King of Spain, or the cutting off* of King 
Charles’ head, necessitated an inquiry into the ultimate pur¬ 
poses of society. The social criticisms of Lilburne and Win- 
stanley and the actions of their fellow Levellers and Diggers 
were the earlier forms of a combined theoretical study and 
practical reform of the social order. But that movement was 
premature, and subsided in the general European reaction of 
the latter part of the seventeenth century. More acceptable 
for the time was the analysis by Hobbes (1588-1679) of the 
collective nature of society, leading to his demand for a strong 
government to control the corporate Leviathan. 

Political geometry and arithmetic 

The great outburst of scientific activity in the middle of the 
seventeenth century, culminating in the triumph of the new 
experimental philosophy, could hardly be confined to the 
natural sciences, though these provided the central inspiration 
and coloured the approach to other fields of knowledge. 
It seemed that the methods of measurement and geometrical 
demonstration that had succeeded so well in the field of physics 
might do the same in that of society. The immediate results 
were, however, disappointing. Even the greatest philosophers, 
such as Spinoza and Leibniz, did not succeed in convincing 
many that propositions about ethics and morals could be 
proved as rigorously as Euclid did those of geometry. 

On the inductive side, however, a start was made in applying 
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measurement to social factors which was to prove of great im¬ 
portance in the future. Graunt (1620"74), a tradesman of 
London, published his Remarks on the Bills of Mortality ; for this he 
was made a Fellow of the Royal Society with the express approval 
of the King. This was the beginning of vital statistics. He 
was followed by others such as Halley, who drew up life-tables 
which the great administrator Cornelius de Witt (1623- 72) 
used for selling annuities profitably, thus rescuing tlie finances 
of the Dutch Republic. From this springs the whole great 
business of insurance. Another of the Fellows, the extremely 
successful lawyer and business man, once secretary to Hobbes, 
Sir William Petty, started another kind of social science, that 
of economic statistics, which is so popular today, with his 
Political Arithmetic, 

i2,rj~ENLIGHTENMENT AND REVOLUTION 
Newton ctnd Locke 

Political and economic theory became the major social 
sciences of the eighteenth century. With their development 
the relations between the physical and the social sciences again 
became very close. John Locke (1632-1704), the personal 
friend of Newton, himself a scientist and practising doctor, 
turned to the new ideas of science to justify the very type of 
compromise government that the glorious revolution of 1688 
had set up. This government eflhctively gave all power to 
the city merchants and the landed aristocrats, who together 
formed the new wealthy bourgeois class. All they wanted was 
security from arbitrary royal interference or from usurpation 
from below, and they were prepared to govern in a civil and 
legal manner so long as they could make and administer the 
laws themselves. Locke himself helped to found the Council 
of Trade in 1696 (later the Board of Trade), the first organized 
attempt to apply the new mathematical methods to public 
business. It was extremely convenient to have discovered that 
the universe itself also ran on eternal laws and that with a good 
constitution there was no reason why anything should change 
again. 

The wealth of nations 

The excellence, in a negative way, of the British constitution 
was also brought out by the study of economics. Many eigh- 
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tecnth-century writers concerned themselves with economic 
matters. Hume (1711-76), the founder of the sceptical or 
agnostic school in philosophy, was definite enough in support 
of the new institutions of capitalism. He recognized the 
importance of competition between merchants in lowering 
profits and keeping down the rate of interest, which favoured 
even greater commerce. He understood too how increasing 
stocks of money depressed real wages while keeping profits 
high.Mandevillc {c. 1670-1733), with his Fable of the BeeSy 
suggested that the welfare of the community might be a 
consec{uence of the vice and extravagance of the rich. 

The beginning of liberal economics as a serious study was to 
come only with Adam Smith, one of the band of Scottish 
intellectuals whose activity coincided with the transformation 
of Scotland from a miserably backward agricultural country 
into a centre of industry (p. 373). Adam Smith was impressed 
with the great prosperity of Britain, which he saw arose from 
the spontaneous and unorganized development of manufacture 
which immediately preceded the Industrial Revolution (p. 359). 
He saw it as the product of the division of labour in industry and 
of the case of exchange of commodities and manufactures. At 
the same time he could not fail to note the interference that 
government restrictions imposed both on manufacture and 
trade. He saw particularly in the prevailing system of mer- 
cantilism, which monopolized colonial trade in the interests of a 
few wealthy merchants, the most serious enemy to the free 
development of the new forccs.^-^ In support of these views 
Adam Smith set himself the task of analysing the whole pro¬ 
ductive-distributive mechanism of society, and embodied the 
results of his analysis in his Inquiry into the J\'‘ature and Causes of 
the Wealth of Nations (1776). This book, which was from its 
first publication to become the bible of the new industrial 
capitalism, is one of the great synthetic social testaments, com¬ 
parable with Aquinas’ Summa and superseded only by Marx’s 
Capital, It is, however, far narrower in scope and intent than 
either of these. It deals primarily with a new kind of being, 
economic man^ a creature living by labour and the exchange of his 
products with his fellow men, and always making the most 
advantageous terms he can, Adam Smith explained how 
these activities had always been restricted in the past by ancient 
custom, feudal rights, or mercantilist regulators. Now at last 
he saw in this new enlightened age the prospect of achieving a 
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natural order of society, in which economic man would be able 
to carry out his activities free from all restrictions. This was 
bound to lead to the best possible results, for, according to the 
laws of economics, the pursuit of self-interest, in any way short 
of actual crime, could only result in the maximum satisfaction 
for all. There was no need for legislative interference, indeed 
it was nearly always harmful, for was not man led by an 
invisible hand to promote an end which was no part of his 
intention ” ? 

Laisser-faire economics, for Adam Smith and his followers, was 
the natural order which replaced the providence of God or the 
wisdom of princes. In spite of its limitations, of which we are 
now only too well aware, and of the terrible consequences that 
have resulted from it, this doctrine was in its time a great and 
liberating one. And Adam Smith did far more than announce 
it. To prove it he laid the foundations of logical method in 
economic thought, which has outlasted the conclusions that he 
himself drew from it. 

The labour theory of value 

The most important of these foundations is his treatment of 
the value of a product, which he puts down squarely to the 
labour involved in making it. At the time it was enunciated, 
the labour theory of value was directed against the courtiers, 
churchmen, and the landlords w^ho claimed rew^ards for which 
they had not worked. Later, in the nineteenth century, it fell 
into disrepute among orthodox economists because it was felt 
that it might be used in the same way against capitalists. In 
fact the idea of surplus value, which Marx shov/ed to be the 
difference between the value of a product and the wages paid 
to the actual producers, is already implicit in Adam Smith. 
The general objective of the search for profit, though it is the 
motive of all economic activity, may, in his opinion, not always 
be a force for good. The high priest of capitalism has indeed 
little faith in the probity of his flock, for he calls them ‘‘ an order 
of men, whose interest is never exactly the same with that of the 
public; who have generally an interest to deceive and even to 
oppress the public, and who accordingly have, upon many 
occasions, both deceived and oppressed it.” 

llie effect of the Wealth of Nations was as lasting as it was 
immediate. It affected far more than economic thought; it 
provided intellectual justification for the practice of industrial 
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capitalism and gave the tone of a new attitude to a society in 
which enlightened self-interest became the crowning virtue. It 
was to become a main bastion of liberal philosophy, and from 
that time on no other such substantial intellectual support was 
to be given to it. 

In other countries, not quite so well situated, economic 
studies did not lead to such simple and comforting solutions. 
The earlier American revolution had been an even more 
frankly economic affair. Its great theoretician, Franklin, had, 
as we have seen (p. 371), combined his scientific, economic, and 
political knowledge with a very concrete practice as printer, 
as a postmaster, as a soldier, and as a statesman. The redress of 
the basic grievance of the colonists, no taxation without 
rcprt!sentation,” could be achieved only by active rebellion. 
Even after its success economic conflicts convulsed the new 
republic.®- 

The physiocrats 

The pre-revolutionary movement of the physiocrats in France 
was largely an economic one. They based themselves in part 
on an analysis of England’s prosperity and wished to sec French 
natural resources, particularly the land, put to a rational use, 
which inevitably placed them in opposition to a feudal order 
which had long outlived its usefulness. Their doctrines, which 
were also well suited to the rising French manufacturer, had an 
important effect in guiding the policies of the first French 
revolutionaries. It was, in the words of Quesnay, a revolution 
in pursuit of “ laisserfairef and its onset was determined by 
an economic crisis. Laisserfaire and laisscr-passer were in the 
first place the slogans of a movement to secure manufactures 
free from government controls and a commerce free from 
vexatious local taxes. 

The noble savage 

Eighteenth-century revolutionary social science was not con¬ 
fined to economics. With it also came a new interest, the study 
of man, not so much as he was in the actual civilized countries of 
western Europe, but uncorrupted in the savage state. This 
highly idealized picture had been revealed by the great voyages 
of that time and by the stories of the missionaries. In addition 
the literati of Europe were much impressed by what was being 
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learned, also largely from missionaries, about the older and 
most polite civilizations of China and India. 

For the first time since the Greeks there was the possibility of 
a comparative sociology, and that comparison was by no means 
favourable to the civilization of eighteenth-century Europe. 
The more classical of the philosophers, such as Montesquieu 
(1689-1755) and Voltaire (p. 361), used the comparison with 
the savages and the oriental civilizations to point their criticism 
against their own institutions.®-‘‘ They were concerned, as 
indeed were all the philosophers and economists, with a great 
political struggle against the ancien regime or, in Britain, against 
the landed interest; that is, in both cases, against the modified 
relics of a more or less feudal order. For this they were obliged 
to appeal away from tradition, from which that order drew its 
justification, to a hypothetical rule of reason, in which everything 
was for the best because the laws of Nature could operate 
without interference. 

The philosophes^ however, had no desire to go to excess. A 
removal of abuses without upsetting the social order would be 
quite enough. The romantics went further. 

Rousseau 

The doctrine of Rousseau, the son of a Genevan craftsman 
and deeply influenced by the Calvinist tradition, was that the 
natural virtue of man had been depraved by civilization and 
could be restored by a return to Nature. Here the old doc¬ 
trine of the fall of man was given a new twist. Man need not 
wait for salvation from on high, he could achieve it by his own 
efforts. Some of the values of civilization, such as law and order, 
might, however, still be retained by a ‘‘ social contract ” freely 
agreed to by the people. It was to become the basis of a 
whole optimistic revision of social analysis essentially demo¬ 
cratic, affecting every branch of life, particularly education. 

The age of reason : Voltaire 

The social sciences of the eighteenth century were for the 
most part essentially deductive and critical in character. This 
was natural, as they had come into existence in the first place as 
a movement of protest against the traditional views by which 
the Churches, Protestant and Catholic alike, kept their control 
of the practices of social life. Their prime object was to destroy 
the intellectual and moral bases of the traditional picture of 
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society—by philosophic criticism, as with the sceptics Hume 
and Bayle (1647-1706); by the assertion of materialist views, as 
with the French encyclopaedists Diderot and Holbach (1723- 
89); by appealing to Nature, as with Rousseau; or, most 
effectively, by the plain and biting ridicule of Voltaire, with his 
slogan krasez rinfame aimed at the Church as the champion 
of the old regime. Between them they thoroughly under¬ 
mined the faith of the polite world, which it must be remem¬ 
bered was a very small fraction of the population. What they 
put in its place was soon seen to be artificial and arbitrary. In 
the “ Age of Reason ” it was impossible, without a much more 
searching analysis, to find a workable social system. What all 
of them lacked was an approach which was historical and 
practical at the same time. 

Vico and the ‘‘ new science ” of society 

One exception, who at least recognized the need for a 
historical approach, was Giambattista Vico (1668-1744), an 
obscure professor of law in Naples, who early in the eighteenth 
century, and quite outside the main stream of scientific and 
philosophic thought, produced his Scienzia nuova,^-^^'^ the first 
explicit exposition of a science of society. Vico, reacting against 
Descartes and very much in the spirit of Bacon, whom he much 
admired, tried to understand society not by pure reason, but by 
the character of its products, and especially by its laws and by its 
poetry. Vico was the first to say expressly: “ Human society 
is made by man, therefore man can understand it,” and to see 
that the literature and laws of past periods reflected characteris¬ 
tically the social development of their times. He asked him¬ 
self, for instance, why epic poetry was written only at the 
beginning of the classical period, and concluded that those 
epics were particularly adapted to the society of barbarian 
chieftains who ruled in Greece in those early days. 

He was the first to see clearly that society in all its manifesta¬ 
tions—poetic, legal, religious—was a unity, and that that unity 
was not a static unity but subject to transformation. The 
movements of history determined institutions. This was of 
course entirely out of harmony with the prevailing eighteenth- 
century view that there was one natural and reasonable order 
of society. The pliilosophes believed that once the anomaly of 
governments and existing superstitions—the rule of king and 
priests—had been removed, man would revert to that natural 
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order and live happily ever afterwards. Vico saw further and 
recognized a necessary social evolution; but even he could not 
get beyond the old idea of a preordained cycle of human social 
development, which he explained in terms of divine providence. 
Yet his work, though unrecognized and unacceptable at the 
time, was not entirely wasted. Through Hegel and Michelet 
it was to have some influence on Marxism.^*®’ 

French Revolution : the “ Rights of Man ” 

If the philosophic criticisms which preceded the American 
and French revolutions were to shake polite beliefs in society, 
the revolutions themselves were to carry those criticisms to the 
wdiole mass of the people. Tom Paine (1737-1809), fresh from 
the new America, attacked in his Rights of Man the whole con¬ 
ception of the ordered civilization of the eighteenth century from 
Locke to Burke, challenging it as corrupt and tyrannous. 

The very idea that men as men, and not by virtue of rank and 
wealth, had rights needing to be respected had been new and 
shocking even when it was only announced in drawing-rooms. 
Robert Burns, one of the first men of the people to become a 
great poet, expressed it well in “ I'he rank is but the guinea 
stamp, A man’s a man for a’ that.” The further conclusion, 
that all other rights were arbitrary and had to yield in the last 
determination to those of the common people, as demonstrated 
in the streets, was the Revolution itself. 

However, the French Revolution, necessarily a popular one 
in its destructive phase, changed its character when th(' aims of 
its original promoters had been achieved. Its bourgeois pro¬ 
tagonists found themselves as anxious to vindicate the right of 
private property —including, in America, that of slave-owning— 
against the mob as they had been against the king. Most 
political thinkers were of their persuasion, though Babcuf 
(1760- 97) in France had the daring to claim the liberation of 
man from his economic as well as his political chains, and was 
executed in consequence. Up till then the working classes had 
been ignored in official sociology, except as convenient units in 
agricultural production or hands for manufacture. They were 
in fact, at that time, too weak and unorganized to make any 
serious bid for power. 

In late eighteenth-century England the upper bourgeois were 
already securely in power, and the Industrial Revolution was 
enriching them mightily. They had no reason to enlarge the 
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area of liberty, but many for restricting it. Already, however, 
there were stirrings among the lower ranks of the manufacturers 
and the craftsmen. The French Revolution, and even the 
Napoleonic era, with its clean sweep of ancient reaction in 
Europe, roused a sympathy among the people that needed a 
firm repression to keep down. It had a deep effect on intellec¬ 
tuals, both on philosopliers like Godwin and poets like Shelley, 
Blake, and Byron. Even the lost leader Wordsworth had 
written in his Prelude : 

Europe at that time was thrilled with joy 
France standing at the top of golden hours, 

And human nature seeming born again. . . . 

Bliss was it in that dawm to be alive, 

But to be young was very Heaven! 


i 2 £-~~-UTIIJTARIANISM AND LIBERAL REFORM 

The triumph of bourgeois liberalism 

The fall of Napoleon and the reaction that followed were 
to turn this optimism away from politics in the direction of a 
justification and apology for rising industrial capitalism. On 
tlie positive side there was the great school of utilitarians with 
Jeremy Bentham (p. 387) and Janies Mill (1773-1836), who 
aimed at showing that if certain abuses were removed there was 
no reason why free enterprise should not bring “ the greatest 
happiness to the greatest number ” (p, 376). On the negative 
side there was the parson Mai thus, who thought that there were 
far too many of the greatest number anyhow, and that those who 
could not become petty capitalists and practise self-restraint 
were doomed to be periodiciilly cut off by famine, plague, and 
war, as he explained in his Essay on the Principle of Population 
in 1798. He was the originator of that pessimistic doctrine, 
the laiv of diminishing returns^ which has been used ever since to 
discourage all attempts to improve the lot of man. 

Ricardo 

A friend of Malthus, though one who disagreed with him in 
many respects, was the wealthy banker Ricardo (1772-1823), 
who in the early nineteenth century did much to complete the 
work that Adam Smith had begun a generation before. He 
had the experience of the enormous upsurge of the Industrial 
Revolution behind him and of the security of living in Britain, 
the greatest, indeed almost the only, manufacturing country. He 
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was accordingly able to write economics in terms of the assured 
success of the new capitalist ‘‘ machinofacture.” He accepted 
Adam Smith’s labour theory of value, but failed to take account 
of the changed conditions in which fixed capital played a 
larger share in determining costs. It was Marx who pointed 
out that this was not really in contradiction to the labour theory 
of value, as this capital was only labour embodied in plant and 
machinery.^- 

Ricardo’s failure, however, was made the excuse by later 
economists to upset the whole labour theory of value, and turn 
economics away from an interest in the production of goods to 
one in their exchange. Indeed this process was already be¬ 
ginning with Ricardo’s own work. As a banker he was more 
concerned with the distribution of wealth than its creation. 
This led him to consider the relative proportions of rent, interest, 
and profits into which the surplus of value less wages was divided 
up. Interest and profit were justifiable, but as, in his view, 
land in itself could have no value it was difficult to justify rent. 
l o do this he had to introduce the idea of a differential rent of 
land better than the average. This idea, inconsistent with his 
other views, was to be later extended to profit as well. It 
gave rise to the difl'erential or marginal theories of value, which, 
as we shall sec, were introduced later to conceal the exploitation 
implicit in the labour theory of value. Ricardo’s main objec¬ 
tive weis still to discredit the landed interest with their policy 
of protection and dear corn. His work accordingly contributed 
to the ideology of the reform movement and led to the triumph 
of free trade. He was not, however, as were the later economists 
—the “ vulgar economists ” of Marx—Say (1767 -1832), Nassau 
Senior (1790-1864), and Bastiat (1801- 50), obliged to justify or 
apologize for capitalism “ with bad conscience and evil intent,” 
under the first stings of the criticism of the lower orders. 

The iron laws of economics 

Towards the mid-nineteenth century the social sciences, 
securely based on utilitarian logic and justified by business 
success, seemed to be settled for all time. Liberalism and free 
trade had won the day and “ progress ” along the same lines 
seemed assured. Nevertheless there was no denying that an 
uncomfortable feeling was growing that there was something 
very wrong with the whole system. The “ dismal science ” of 
economics palpably aimed at justifying everything as it was, and 
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justifying it at a time when to the poorer classes, indeed to 
anyone other than a successful manufacturer, it appeared that 
something was very much wrong. In the wealthiest industrial 
country of the world, in the most flourishing commercial 
centres that were the pride of the age, there was famine and 
pestilence,®*^® and everywhere ignorance and social insecurity 
were multiplied on a scale that had never existed before. All 
this had to be explained and excused; no room must be left 
for any human feelings; pitiless and inevitable law must take 
their place. The economics, the logic, and the psychology of 
the mid-nineteenth century were accordingly constructed in 
the driest imitation of physical science, and were as far removed 
from living actuality as they could be. 

Religion and reaction 

Even religion had to be called in to provide supernatural 
sanctions for capitalism wdien rational ones failed to convince. 
There had been after the French Revolution a deliberate return 
to religion to counteract the eighteenth-century scepticism 
of dcism,®*-'^"'^ the spread of which had shown itself so dangerous 
to law and order. The wealthy returned to church-going and 
some even toyed with Roman ritualism. Methodist and other 
evangelical movements satisfied the emotions and did some¬ 
thing to divert the criticisms of the lower middle class and the 
deserving poor, tliough the “Nonconformist conscience’' was 
often found supporting the radical side. But religion was not 
allowed seriously to interfere with the solid common sense or 
the conduct of business of the middle class. It w^is not so much 
that, according to the unbelievers’ jibe, religion was kept 
strictly for Sundays, it was rather that scriptural justification 
could be found for abstinence and thrift as well as for the 
material rewards wliich came from practising them. Though 
this was the dominant and official note, by no means all the 
voices that were raised were in favour of acceptance and 
resignation. 

Radical and romantic protests 

Indeed poets, writers, and artists protested in words and 
pictures against the new ugliness of nineteenth-century capi¬ 
talism and, in looking at that ugliness, were brought to sec 
the horror and misery that underlay it and the smugness and 
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greediness that perpetuated it. In the revolutionary period 
Blake, Byron, and Shelley had lifted their voices against tyranny 
and grinding poverty. Later, when capitalism seemed to be 
established for good, novelists like Dickens, Mrs Gaskell, 
George Eliot, and even Benjamin Disraeli attacked its manifesta¬ 
tions mercilessly, but had no alternatives to offer. Critics like 
Ruskin and Carlyle tried to lay bare its origins and to supply 
remedies; as, however, they had neither the wish nor the 
understanding to push their analysis to the point of the class 
and property basis of society, they tended to find their solution 
by turning to the past, to the age of heroes or of faith, to 
anything but the commercialism and industrialism of their 
day. 

Robert Owen 

More effective, because he came closer to the people, was the 
work of the Welsh radical, Robert Owen (1771-1858). He 
was characterized by a reluctant admireras a man “who 
made a fortune by capitalism and common sense and squandered 
it in communism and craziness.” A self-made man, he rose 
to be a wealthy manufacturer by the time he was twenty, and 
showed practically in his New Lanark mills, into which he 
introduced education and social welfare, that the slavery and 
squalor of the cotton trade were not even good business. 

Robert Owen had a constructive and economic mind rather 
than a political one. He was one of the first to recognize the 
ability of the new machinery, if properly run, to provide wealth 
for all. However, in common with many liberal idealists, he 
believed that all that was necessary for reform was to prove to 
the wealthy and powerful that it would be to their advantage 
to accept and even promote a juster social system. His 
attempts to secure action from the workers themselves were 
always limited by his fears of alarming the ruling classes. His 
aim was a co-operative commonwealth, what he called a New 
Moral World, which was to organize production without dis¬ 
tinction between capitalists and workers. His first attempt was 
to set it up in the free New World, but his colony of New Har¬ 
mony in Indiana in 1825 lasted barely three years and its 
failure absorbed most of his fortune. Undeterred, he returned 
to England, and began to put his remaining money and drive 
behind the Trade Union movement, just then emerging from 
illegality. In 1833 he had turned the Builders’ Union into a 
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Builders’ Guild aimed at eliminating the contractor. Next 
year he became even more ambitious and launched the Grand 
National Consolidated Trcides Union, which was broken in a 
few months by the combined attacks of government and 
owners. In the end the co-operative venture proved the most 
lasting. Owen himself favoured producers’ co-operatives, but 
it was in distribution that it was to strike root. The first 
enduring co-operative shop, though by no means the first to be 
set up, was that of the Rochdale Pioneers in 1844. In spite 
of its material success and the degree in which it protected the 
poor from excessive prices, it could do nothing to stop the 
fundamental exploitation of the profit system, nor even at its 
greatest extent, in the present century, have the Co-operative 
societies provided for more than ten per cent of retail trade. 

The co-operative movement, however mellowed with time, 
remains as an example of the ability of the working class to 
form and run their own organizations. The deepest under¬ 
standing of the social consequences of the Industrial Revolution 
was to come from those who were its victims—the radicals and 
Chartists—coming mostly from the ranks of the small traders 
and craftsmen. Men like John Gray (1799-1850) and Francis 
Bray (1809-95) t'arried the arguments of the utilitarians and 
of Owen to the logical conclusion of a socialist state in which 
all will be producers of wealth. Another was Thomas Hodg- 
skin (1783-1869), the real founder of the London Mechanics 
Institute, later Birkbeck College. His criticism cut much 
deeper, for he found the only alternative to the permanent 
impoverishment of the w^orking class in the abolition of the 
capitalist (p. 8 ii).«- 126 ; o.iai; c.i 4 i 

These men were not content to analyse and criticize society; 
they were trying to change it, to achieve political and economic 
liberty, to secure the legality of trade unions, and to transform 
the limited advance of the Reform Bill by the popular demo¬ 
cracy of the Charter. By the middle of the century it appeared 
that their struggles and sufferings were in vain. The capitalists 
were more firmly in the saddle than ever. Some injustices 
were, it is true, mitigated—some share of the new commercial 
prosperity fell to the workers—but the basic injustices of 
exploitation remained. Nevertheless the British forerunners of 
socialism, however Utopian their aims, brought to the movement 
a wealth of experience and enthusiasm which was to be of 
permanent value. 


733 




THE SOCIAL SCIENCES IN HISTORY 
French socialism 

The workers in France, for all its revolutionary tradition, were 
no better off than those of Britain. As the immediate effect of 
clerical reaction disappeared it was replaced by a cynical domi¬ 
nation of wealth, impcrishably portrayed by Balzac and Daumier. 
I'he Revolution of 1830 brought to the French people as little 
liberation as the Reform Bill of 1832 brought to their English 
brothers. Nevertheless, the tradition of revolution in France 
in those days still stimulated a lively and intelligent discussion 
of social and economic questions. The half-crazed aristocrat 
Saint-Simon, and the practically minded Francois Fourier, the 
founder of the European co-operative movement, argued more 
abstractly and more systematically than the British phil¬ 
anthropists and radicals. They determined, once and for all, 
the character and organization of a new society embodying the 
ideals of social justice and freedom. They believed that once 
people understood that the new form of society-—Socialism 
(for the word dates from the 1830’s)—was infinitely superior to 
the old, they would naturally acclaim it and that after a 
revolution, preferably peaceful, the millennium would arrive. 

It did not happen that way; Owenisrn, Chartism, or 
Utopian socialism, for all the enthusiasm they generated, failed 
to effect any significant change in the domination of capital. 
It was clear that they all lacked something essential: an under¬ 
standing of the workings of society sufficient to enable the clearly 
desirable changes to be brought about. Technology had found 
the answer to its problems by building up the physical sciences, 
for, as we have seen, those sciences grew when and only when it 
was possible to use their discoveries of the workings of Nature 
to control it. What was needed in the nineteenth century was 
a science of society that would be effective in the same way in 
securing the control of society by the people who formed part 
of it. 

12 .^—MARXISM AND THE SCIENCE OF SOCIETY 

To create that science of society was to be the great achieve¬ 
ment of Karl Marx and Friedrich Engels. Karl Marx was born 
at Trier in the Rhineland in 1818, the son of a liberal-minded 
and cultured lawyer. Both time and place were propitious 
for one who was to bring about such a radical change in human 
thought. I’hough close enough to France to feel the whole 
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effect of the great intellectual movement of the Enlightenment, 
he was brought up just outside the main stream of capitalist 
development. He thus escaped the danger, common to both 
French and British thinkers, of taking it for granted. But 
these advantages would have been of no avail if he had not 
grown up with a combination of keen intellectual insight and a 
deep passion for human justice. 

His student years were spent at a time when intellectual and 
political discussion was at its height in the general ferment 
which preceded the Revolution of 1848. Germany had not yet 
participated in the Industrial Revolution and had, through the 
Napoleonic wars, come under the influence of French liberal 
thought. The result was that in Germany it was possible to 
think abstractly about social matters without being incom¬ 
moded by too close a comparison with practice. The late 
eighteenth and early nineteenth centuries were the great 
periods of the German idealist philosophy of Kant, of Goethe, of 
Schelling, and, most of all, of Hegel. In Germany the social 
and natural sciences were combined in one grand natur- 
philosophie (p. 469). Kant did not think it incongruous to 
propose the nebular hypothesis for a solar system and the cate¬ 
gorical imperative for human behaviour on earth; Goethe 
sang of ideal beauty and studied the cervical vertebrae of the 
mammalia; Hegel produced a philosophical system which 
included everything from the absolute to the ideal Kingdom 
of Prussia, which he deduced by an idealist dialectic method, 
starting from nothing more than the idea of existence entailing 
the idea of non-existence. 

The logic of Hegel had nevertheless certain advantages. It 
was more fluid and imaginative than that of the eighteenth- 
century thinkers and it included a factor they nearly all lacked : 
a sense of historical development. It forged the necessary tools 
for studying situations that Hegel himself did not care to face. 
After Hegel’s death in 1831 his followers tended to divide into 
two camps, the right Hegelians, who emphasized the idealist 
and conforming side of his philosophy, and the left Hegelians, 
who developed his ideas of dialectic change in a revolution¬ 
ary sense. An influential Hegelian who turned from idealism to 
materialism was Ludwig Feuerbach (1804-72), who attacked 
the corner-stone of legitimist reaction—institutional religion. 
Feuerbach, unlike the eighteenth-century sceptics, did not call 
religion a conscious fraud, but he did say it was itself a creation 
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of man in society. For him the Holy Family in heaven was but 
an image of the human family on earth. 

The young Marx found the ideas of the Hegelians stimulating 
but inadequate. He felt that Feuerbach had only begun his 
task in exposing the inner nature of society and religion. “ The 
philosophers have interpreted the world in different ways; the 
point, however, is to change it.” 5.57.473 ^\nd now new oppor¬ 
tunities for this were opening up. 

Already, in the early Torties, revolution was in the air; all 
over Europe the repressive system of the Holy Alliance was 
being challenged. Marx, starting his active career as a liberal 
journalist, found that he had to reckon with social and econo¬ 
mic realities and learn his philosophy from the actual rather 
than the ideal world. He had no doubts as to which side he 
was on. He wrote articles against the landlords and in favour of 
oppressed peasants.®-Finally he came to grief for criticizing 
the Prussian censorship and had to flee from German soil. He 
only returned for a short time to take part in the unsuccessful 
revolution of 1848. Through his exile in Paris from 1843 
1845 he came into contact with French revolutionary and socia¬ 
list thought. Even more important was his meeting with his 
young compatriot Friedrich Engels, who had lived and worked 
in Manchester and had seen the achievements and the horrors 
of the Industrial Revolution, eind the upsurge of the Owenite 
and Chartist movements.®- 

Historical materialism 

Marx was at the point where all these influences converged, 
and his combination of clear understanding and passionate 
concern for social justice enabled him to fuse them together into 
a coherent and essentially new theory of society. He brought 
FIcgelian logic, imbued as it was with the ideas of change 
induced by inner conflict, to bear on the struggle of the classes 
of his own time. He was thus enabled to explain the inner 
dynamic of all social movements. He provided the missing 
factor of all the previous socialist analyses by showing that the 
motive power of social change was neither providence, as the 
religious asserted, nor, as the liberals maintained, the pursuit by 
reasonable people of an ideal state of affairs. He found that 
motive power in the struggle which oppressed, but rising, classes 
waged to secure a tolerable and fuller life. He showed further 
that the new classes had arisen one after the other on account 
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of technical and economic changes in methods of production 
and of the changed legal, social, and economic relations between 
people which flowed from them. At the same time he under¬ 
stood well enough that indignation and a just cause were by 
themselves no guarantee of success in any class struggle. They 

needed to be supported by a “class consciousness” and 

by a theory not derived a priori but built out of the facts of social 
history. Before Marx socialist ideology had consisted of mere 
exhortations or descriptions. He made it a science. 

Philosophy and political action: the “ Communist Manifesto ” 

Social science no less than physical science requires action to test 
it and give it full contact with reality. Marx saw that the import¬ 
ant field of action in his time was that of revolutionary politics. 
He was not content to work out the theories of social change; he 
understood that the actual achievement of change was the result 
of thousands of human wills, acting the more effectively the more 
clearly they understood the science of social change, and the 
more closely they organized themselves to achieve their ends. 
He made it his life’s work to understand, to explain, and to 
oT'ganize the transformation of capitalist to communist society. 
The first step was the publication of the Communist Manifesto 
in 1848. This was the first call to action of the new scientific 
socialist movement. It still remains the shortest and clearest 
exposition of Marx’s analysis of society and social change. 

What Marx and Engels first brought out in the Communist 
Manifesto was that the agent in the transformation of capitalist 
into communist society was the working class: the propertylcss 
proletariat, itself brought into being by the rise of the capitalist 
method of production for profit. Now the reputable historians 
and philosophers of the period had long been accustomed to 
class divisions in society, and the experience of the French 
Revolution had brought them vividly to their attention. But it 
had never occurred to them, and it could never occur to them 
on account of their own upbringing, that the working or lower 
classes should have any other function in society than assuring 
the well-being of their betters. To most of them they were a 
mob needing to be kept down.®-*'^^ The more tender-hearted 
considered that at least some of them, the deserving poor, were 
suitable objects for charity, while liberals felt that they ought 
to have a mutual interest with their betters in maintaining the 
existing state of society. 
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The split in social science : bourgeois and Marxist 

The picture of the social history of western Europe in terms 
of class struggle was so foreign to academic thought, and so 
unlikely to appeal to the powers controlling universities, that 
it is not surprising that it has taken more than a hundred years 
for it to penetrate into the official social sciences. Even today 
in the countries of “ freedom ” and “ democracy ” Marxism 
is only officially taught, in the very few places where it is 
taught at all, by anti-Marxists, though it must be admitted 
that a great deal of the efforts of the official economists and 
sociologists is now taken up with denouncing the errors of 
Marxism. 

From the time of the Communist Manifesto there have been 
effectively two distinct and rival trends in social thought. 
While there is no precisely formulated bourgeois social science, 
all the varieties of social theory, from the rugged individualism 
preached in the United States to the idealism of the social 
democrats, arc united on a common basis of social assumption 
which makes them, even if controverted in detail, essentially 
acceptable to the powers that be. And rightly so, for they all 
concur in effext that capitalism is a most proper basis of society, 
and that it will last for ever or for a very long time. They are 
ail agreed that whatever its defects, it is superior to the kind of 
socialism they imagine is growing up in Russia and now over 
increasing areas of Europe and Asia. The acceptance of 
capitalism, cither unaltered or slightly modified in the direction 
of a Welfare State, marks adherence to general idealistic and 
unhistorical theories of society. These theories arc very far 
from being scientific, and they are in any case made little use 
of in directing the affairs of the capitalist world. 

Productive forces and relations 

Marxist social science is, in contrast, first and foremost 
materialistic and historical, and is proving its worth in full-scale 
social experimentation. It takes each state of social organiza¬ 
tion, including capitalism, as simply one historic stage in a 
succession of economic phases of the utilization of material 
natural resources for man’s material needs. At any period the 
form of society is limited primarily by the technical level of 
production, the productive forces^ embodied in the actual material 
means of production. A mass-production factory, for instance, 
requires a fiir more elaborate organization of society than does 
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the hunting of kangaroos. The full use of the means of produc¬ 
tion depends on the existence of productive relations —of buyer 
and seller, master and man-appropriate to the means of 
production. 

In actual practice there has always been a time lag between 
the available productive forces and the contemporary productive 
relations, which are for the most part those belonging to the 
means of production of an earlier phase. This time lag is a 
reflection of a conjlict between the classes of the society, which is 
the essential motive power for social change. The victory of 
the class which can bring about productive relations more in 
harmony with the contemporary productive forces leads to 
a higher stage in society, and also to a rapid further improve¬ 
ment in the means of production. That improvement, which 
has been immensely accelerated by science in the last two 
centuries, has been a factor in creating social instability, but 
cannot in itself be a cause of social change, which must always 
have a human motive force. 

The productive forces and the productive relations do not in the 
Marxist view cover the whole of social reality. Each new class, 
in the very struggle to establish itself, conies into conflict with 

the ideas, styles, customs, and laws of the old ruling ckuss.all 

part of the ideological superstructure —the means by which it 
maintains its dominance. To secure its victory, the new class 
must forge a new and dilTcrent ideology that gives it the know¬ 
ledge and inspiration to achieve power, and that, once that 
power is secured, becomes the dominant ideology of tliC new 
stage of social development. Thus, as we have seen, the 
individualist ideology, growing up in the latter stages of feuda¬ 
lism, helped the achievement of bourgeois pow^r, and became 
the corner-stone of the liberalism in the name of which it 
defended the privileged position of property. 

Capital 

The evolution of society in this waiy is seen, in the light of 
Marxism, as a natural process o^xtvo\\l\ionViYy change, and conse¬ 
quently no stage in it, and least of all capitalism, is a natural state 
of society. The detailed justification for Marx’s general social 
theory, after a preliminary outline in the Communist Manifesto 
and in Wages, Prices, and Profit, was reserved for Marx’s most 
definitive and classical work— Das Kapital (Capital). The 
first volume appeared in 1867 and the last two, only in an 
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incomplete form, in 1885 and 1894,^*®® after his death. In it 
Marx not only viewed economics historically, showing the 
contingent and temporary nature of its laws, but also inter¬ 
preted history in terms of economics. He showed how its 
major transformations, from the classical slave empires to 
feudalism and in turn to capitalism, were essentially economic¬ 
ally motivated and depended on changes in the mode of pro¬ 
duction, He thus provided for the first time the logical con¬ 
sequences of cause and effect which were missing from all 
academic writing of history. Capital was based firmly on a 
scientific analysis of the past, so that it could deal with the 
working of contemporary economics while fully understanding 
its impcrmaiKmce. 

The theory of surplus value 

Marx took over the labour theory of value, elaborated by 
Adam Smith and Ricardo, and drew from it the all-important 
concept surplus value, I'hc vulgar economists ” (p. 730) saw 
the wages paid to workers as a fair exchange for the value of 
the work they did, and attributed the profit of the employer to 
his superior foresight or abstention from spending. Marx, on 
the contrary, took the value of the product as that of the labour 
put into it. He treated value as consisting of the quantity of 
“ socially necessary labour ” required to produce the com¬ 
modity and this as determining its exchange value. This 
exchange value is arrived at in quite a different way from 
that of the marginal theory, where (p. 730) it is derived purely 
from the subjective estimates of the market itself. A com¬ 
modity, according to Marx, might sell at, above, or below its 
exchange value, according to the state of the market, but the 
market itself docs not determine the exchange value. 

“ Socially necessary labour ” included that part of the value 
(embodied labour) of the capital equipment used up in its pro¬ 
duction. The normal value of labour power was the sum just 
necessary to secure the reproduction of the labour force. For 
an actual worker it represented just enough to live on in the 
customary way for that class of worker at the time (Marx’s 
social and historic element). Actual wages might be some¬ 
times above and sometimes below this value, but tended to 
coincide with it. 

The surplus value accrued to the capitalist not on account of 
any intrinsic merit or service on his part. He could extract it 
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thanks to the power of the social system of capitalism, estab¬ 
lished as the result of political and economic struggles by the 
bourgeoisie and maintained with all the apparatus of coercion: 
the law and police of the State which they controlled. Marx 
thus demonstrated that capitalism, far from being a system of 
natural justice as the classical economists maintained, was an 
extortion imposed by arbitrary force. It was this central 
concept of exploitation, which the economists had hidden even 
from themselves, that was to give explosive force to Marx’s 
teaching. It was not that workers and peasants had not felt 
exploited for centuries, it was rather that now they could under¬ 
stand the mechanism through which the exploitation was carried 
on. They could sec that it was not a matter of the hardness 
of this employer or that landlord, but that the fault lay with 
the whole system by which the employer and landlord lived. 
The workers were also to learn with Marx and his successors 
how to “expropriate the expropriators,” and how to build for 
themselves, in harmony with the laws of social development, an 
economic system in which wealth produced socially should be 
socially distributed. 

Marx’s social and economic theory, set out in all essentials 
by 1867, was in the direct line of the evolution of the study of 
society from myth through ordered description to science. It 
was and it remained as the live and developing branch of social 
knowledge and action. Yet by ignoring or repudiating it 
bourgeois social sciences were to continue and even to evolve in 
serving their purpose as an apology for a capitalism that had 
passed its zenith but was still far from visible decay. The 
implications of Marxism were so repugnant to the ruling 
bourgeoisie of the time that it is not surprising that for another 
fifty years all over the world, and until today in a large part of 
it, they were ignored and rejected by the official exponents of 
social science. 

Two systems of social science 

It will accordingly be necessary in the remainder of this 
chapter to treat separately the progress of the two intrinsically 
incompatible approaches to the science of society, represented 
by the work of the bourgeois sociologists and the Marxists 
respectively. They have followed in the last hundred years 
divergent paths. For many years the bourgeois social scientists 
ignored Marxism from mere unawareness of its existence. 
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Even when the progress of Marxist socialism in Europe could 
no longer be hidden, the learned world continued to ignore it 
on principle or to dismiss it as beyond the pale of science. 
Until 1917 it had no official status: it belonged to an under¬ 
world of subversive propaganda. As Marx referred to it half- 
jokingly in 1856: 

We know that to work well the new-fangled forces of 
society, they only want to be mastered by new-fangled 
men—and such are the working men. They are as much 
the invention of modern times as machinery itself. In 
the signs that bewilder the middle class, the aristocracy and 
the prophets of regression, we do recognize our brave 
friend, Robin Goodfellow, the old mole, that can work in the 
earth so fast, that worthy pioneer - the revolution. 

In the Britain where Marx and Engels lived and worked, their 
ideas had the least injQuence on the self-satisfied bourgeois 
intellectuals; but even tlicre, as will be shown, the inlluence 
through William iVIorris and a group of fellow Marxists in the 
Social Democratic Federation was serious enough to need some 
refuting. In Europe, especially in Germany and France, it 
was much greater, and the uncomfortable awareness of it spread 
far and wide and even influenced in one direction or another 
the majority of social scientists. And while they refused to 
acknowledge it, academic social scientists could not fail to pick 
up and even assimilate many Marxist interpretations, though 
they might repudiate the methods of Marxism and the practical 
conclusions drawn from them. In particular, the use of 
historical method and more or less distorted forms of the 
economic interpretation of history became widespread and 
respectable. 

In the light of history we can now see something of the 
magnitude of the contribution of Marx and Engels in the 
creation of a new science of society. It was an achievement 
intellectually comparable to that of Galileo in the physical 
sciences or of Darwin in biology. But just because it was an 
achievement which touched every aspect of human life even 
more closely, just because it roused at the same time every 
interest vested in the old order of society and every aspiration 
of its victims, it was to be in efl'cet far more important than the 
greatest discovery in any field of natural science. Because it 
meant much more it had to fight far harder for recognition. 
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Knowledge of Marxism is essential to the understanding of the 
place of science in history. Without Marxism natural science 
would have remained as a growing accumulation of interesting 
facts about the universe and useful recipes for controlling it; 
human history would still be restricted to the simple narration 
of political changes without any coherent thread of explanation. 

12 ,^—ACADEMIC SOCIAL SCIENCES IN THE LATE 
NINETEENTH AND EARLY TWENTIETH 
CENTURIES 

The main body of academic thought was to continue along 
already classical liberal lines in the latter part of the nineteenth 
and early twentieth centuries, though a strong counter current 
of mystical and irrational thought was to appear towards the 
end of the period. A much more pervasive influence came 
from the biological sciences, particularly the newly enunciated 
theory of evolution, though psychology was also influenced by 
physiology, and archaeology l3y palaeontology. The association 
of the social and the biological sciences was to bring to the social 
sciences something of the habits of observation and inductive 
logic, and thus to break down to some extent the habit of using 
deductive argument from first principles that they had inherited 
from Aristotle and the Church. But it was also to produce a 
belief that sociology was simply human biology, which was to 
have such catastrophic results in our own time. 

The common charactc'ristic of all late ninctccnth-century 
social sciences, in contrast to those of the eighteenth century, 
was its evasiveness. In this it merely echoed on the scientific 
plane the prevailing hypocrisy of polite society. Just as there 
were aspects of life known to exist and never mentioned, so in 
the social sciences references to the existence of classes or of 
exploitation were beyond the pale. Explanations of social 
phenomena had to be concocted which made no allusions to 
these awkward facts, and if that could not be done it was better 
to have no explanations at all. 

The extended field ofi history: the discovery ofi early civilization 

The most inclusive of all social sciences, history, underwent 
no important theoretical changes in the period under review. 
Yet history was in that period, especially through its ancillary 
discipline of archaeology, so extended in range and detail as to 
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provide completely new horizons of time. Piece by piece the 
story of the “ prehistoric ” past was revealed. The old literally 
interpreted chronology of the Bible was found to be as hope¬ 
lessly inadequate for the history of man, even of civilized man, 
as it had been found by the geologists for that of the world of 
rocks, plants, and animals. The Stone Ages, old and new, were 
revealed and the historic sequence of their culture established. 
The literal history of the early civilizations of Eg}^pt and 
Mesopotamia began to be read from contemporary documents. 
More was being learned of the history of the other civilizations 
of India, the Far East, and of the Americas. At the same time 
hundreds of thousands of detailed facts from documents or 
excavations were being fitted into the classical, medieval, and 
modern European histories. 

The new historical horizons could now have provided, for 
the first time, the framework of events through which the pre¬ 
sent grew from the past. Yet tlic general interpretations of this 
new picture were undertaken only by eccentric historians like 
Buckle or Winwood Readc. The professional historians tended 
to specialize on limited places and periods, and pride themselves 
on writing “ scientific ” history with the minimum of inter¬ 
pretation. The writing of history had not always been so 
restricted.^*®’ 

Propagandist and scientific history 

Originally history had been written for unashamedly propa¬ 
gandist purposes. At first it aimed at glorifying the deeds of 
the Heroes and Kings, Cities and Churches. Later, all througli 
the controversies of the Renaissance down to the early nine¬ 
teenth century, it was of political service to one or the other 
side. The limited objectivity which political and religious 
history managed to reach was derived, in fact, from real 
political battles such as those of the Reformation and Counter- 
Reformation or of the Whigs and the Tories. The weak points 
of the antecedents of cither side were well brought out by 
their opponents. Even the greatest of the eighteenth-century 
histories. Gibbon’s Decline and Fall of the Roman Empire^ was 
essentially a tract for the times, an attack on the Church as the 
agent of corruption and decay. 

This tendency continued well into Victorian times, as the 
histories of Macaulay justifying Whiggery or of Froude ideal¬ 
izing Elizabethan imperialism show. However, largely due 
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to German influence, a tendency to objective history spread. 
Indeed a historian was considered the more scientific the less 
he attempted to explain why things happened. A reputation 
for objectivity could best be built up by sticking to one’s own 
period and avoiding generalizations.®*But this was a very 
one-sided and deceptive method. By collecting mere facts 
and by refusing to have theories about history, historians of 
the period were justifying by default the existence of the system 
under which they lived. It was an episodic and meaningless 
history corresponding to an individualist and unregulated 
economic system. The fundamental scepticism of the official 
historian has been expressed in H. A. L. Fisher’s Preface to his 
History of Europe : 

Men wiser and more learnc'd than I have discerned in 
history a plot, a rhythm, a predetermined pattern. These 
harmonies are concealed from me. I can see only one 
emergency following upon another as wave follows upon 
wave, only one great fact with respect to which, since it is 
unique, there can be no generalizations, only one safe rule 
for the historian : that h(‘ should recognize in the develop¬ 
ment of human destinies the play of the contingent and the 
unforeseen. This is not a doctrine of cynicism and despair. 
The fact of progress is written plain and large on the page 
of history; but progress is not a law of Nature. The 
ground gained by one generation may be lost by the next. 
I’he thoughts of men may flow into the channels which 
lead to disaster and barbarism. 

'Jdic concealed reason underlying such an attitude was that 
any serious and rational attempt to interpret history would 
be bound to lead to criticism of the existing economic system or, 
even worse, to Marxism. 'Fhe most that history was expected 
to show was ‘‘ progress,” and even that, as the century drew to 
an end, became more doubtful. 

An apparently opposite view was that which contrasted the 
idea of history as a science with that of history as an art, a vehicle 
for fine writing and amusing stories. This gave ever more 
scope for romantic reconstructions of the past as official his¬ 
tories became more objective and dull. As a result the gap 
of historical interpretation which the serious historians failed 
to fill was left to propagandists of nationalism and imperialism, 
to ignorant fanatics, to downright reactionaries with race 
theories and prophetic fulfilments. 
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The foundation of anthropology: Morgan and Tylor 

What history failed to do—bringing men to understand the 
society in wliich they lived by looking at its past—might have 
been achieved by the more immediate study of the variety of 
social patterns of peoples with very different levels of culture 
living in the contemporary world. The new science of anthro¬ 
pology had indeed a promising start in the mid-nineteenth 
century, when L. H. Morgan (1818-81) and E. B. Tylor’s 
(1832-1917) studies of American Indian and other cultures 
revealed the common social structure of tribes in many parts 
of the world, with its complex relation system, often traced 
through mothers, its absence of private property, prisons, or 
police.^'*^®®’ 6 , 17 Tb Such, they conjectured, were the more primi¬ 
tive states of our own civilization and they showed how they 
corresponded to the social organization of Greece or Rome. 
But this track was left to Engels and later Marxists to develop 
it was too dangerous for academic anthropologists and for 
the missionaries and traders who were their chief informants 
from the field, for it struck at the bases of government, morality, 
and property. Instead of such a tendentious historical approach 
it was much safer to follow the comparative methods of Frazer 
(1854-1941) orWestermarck (1862-1939), to collect objects of art 
and Iblk-lorc, and to S(‘arch for racial origins by measuring skulls. 

With improved communications and the renewed urge for 
imperial exploitation that characterized the later nineteenth 
century, contacts with primitive people were multiplied. 
Although most of these led to their exploitation or extermina¬ 
tion, there was as well far greater oppe^rtunity to learn about 
their customs and beliefs. The first serious field anthropological 
studies were those carried out by Makluklio-Maklai (1846- 88) 
to New Guinea in 1871 and by the zoological expedition to the 
Torres Straits and New Guinea in 1898-99 in which A. C. 
Haddon (ifi55”i94o) and W. H. R. Rivers (1864-1922) took 
part. But here again these direct observations, while con¬ 
firming the pattern of tribal enganization of Morgan and 
Tylor, were not pushed beyond the provision of psychological 
interpretations, and their economic aspects were overlooked. 

Soriologp 

The same insistence on accumulating simple and disconnected 
facts and on the comparative method, together with the re¬ 
jection of historic and economic interpretation, doomed from 
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its very birth the mid nineteenth-century science of sociology. 
This subject had been doubly unfortunate in its founders, 
Comte and Herbert Spencer. Both were the oddest and most 
unsociable characters imaginable. Comte (1798-1857), a 
disciple of Saint-Simon, was a recluse who early in life acquired 
a burning conviction that he held the key to the ideal arrange¬ 
ment of society. This was the application of what he called the 
positive method of science, a method which was destined to 
supersede the earlier methods of religion and philosophy, and 
which he expounded in a series of long books.®-^-^^** In the sense 
that it broke with traditional or religious explanation this was 
an advance for the time, but Comte was narrow and dogmatic 
and essentially reactionary.®-Indeed he had little to add to 
the science of society but misapplications of the id(^as of physical 
science. He believed that the superior men should lead the 
people, and he had a corresponding petty-bourgeois dislike 
of popular movements. I’hough he acquired disciples, some 
as intelligent as Harriet Martineau, George Eliot, and John 
Stuart Mill, and even founded a. religion—the Church of 
Humanity—his work gave rise to little of enduring value. The 
term positivism was to be taken up by Mach later in the nine¬ 
teenth century in an even more abstract sense. 

Herbert Spencer (i820“i903) started life as an employee of 
the new railways and was a fervent admirer of laisser-faire 
capitalism. Assured of a small competence, he devoted him¬ 
self to the self-imposed task of charting the development of 
human society. He had developed, some years before Darwin, 
the idea of universal evolution.®-Unlike Darwin’s, it was 
based on a hypothetical law of the necessary continuous in¬ 
crease in complexity and differentiation in the world, rather 
than on any insight into the material mechanism which 
accounted for it. Spencer reformulated Comte’s sociology along 
biological lines. It was his work, which had in its time an 
immense reputation in Biitain and even more in the United 
States, that did most to promote the idea of sociology as a 
branch of biology. 

The influence of Darwinism : evolution : hiologism 

In all the fields of social studies in the late nineteenth 
century, the intellectual justification for the evasion of his¬ 
torical description and of the drawing of contemporary implica¬ 
tions was found by reference to evolutionary biology, relying on 
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the immense prestige of Darwin. Though this had originally 
a liberating effect, destroying as it did the idea of permanently 
ordained states of society, it introduced other errors which 
were to help to confuse and sterilize all social studies. Just as, 
in the early seventeenth century, it was the physics of Newton 
with its natural mathematical hw that dominated social 
thinking, so in the late nineteenth century it was the biological 
law of evolution that could be called on to explain all changes. 

It w^as not the first time that biology had been invoked in 
social theory. Especially in the seventeenth and eighteenth 
centuries the order of Nature was praised as an example of 
God’s handiwork, and held up to men to guide their own social 
life.^*^^’ But the living w^orld was then thought to be as 
ordered and static as that of the heavens. Early biology was 
used to defend the picture of an order of Nature created once 
and for all by God. Paley’s (1743“!805) celebrated argument 
of the watch was almost the last form of this justificatory biology. 

With evolution, matters wore very different. Evolution was 
not a static thing, it was a process that was going on all the 
time, one that was changing the w^orld, and changing it in a 
way that the men of the nineteenth century could well under¬ 
stand. It spelt competition and led to progress. What was not 
understood, or at least not admitted in the nineteenth century, 
except by anarchists like Kropotkin (1842-1921) or eccentrics 
like Samuel Butler (1835-1902), was that in evolution men 
were simply seeing the social practices of capitalism in relation 
to human beings reflected back to them as a scientific theory 
about animals and plants in the state of Nature (p. 468). 

Gallon and eugenics 

By treating man as merely an evolving animal, the develop¬ 
ment of human society was completely misunderstood to be a 
moral evolution as spontaneous and uncontrolled as bodily 
evolution was supposed to be.®-i-'^^ It was with the highest of 
intentions that Francis Gal ton, Darwin’s cousin, set about 
studying the heredity of men of exceptional ability in Britain. 

He found that many were related and that all belonged to 
relatively few families. Because of his biological preoccupa¬ 
tions he overlooked the historical fact that the ruling class of 
Britain in his time was a very small minority, very much inter¬ 
married, and the social fact that the chances of success, even 
intellectual success, were, and still are, overwhelmingly 
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weighted in favour of children from cultured and well-placed 
families. 

Technically Gal ton’s work marked the first crude use of 
statistics in inheritance studies, and it led to the foundation of 
the socio-biological science of eugenics^ which has ever since 
concerned itself largely with attempting to prove, on genetic 
grounds, the superior value of upper-class stocks and stressing 
the need to protect them against the careless breeding of the 
inferior poor. This biological interpretation of mankind, with 
its emphasis on race and breeding, affected to a greater or lesser 
degree most progressive thinkers in the social and historic 
scicnc(*. It was popularized by historians like Green and 
novelists like Wells, who were never able to see that by reducing 
man to a lower level of evolution they were making nonsense of 
history and social science. 

Racial theory 

Worse results were to follow in practice. I'his double 
transposition of social images into biology and back again 
was to have a terrible sequel when applied in practice in the 
twentieth century. More than anything else it sapped the 
foundations of the older belief, insecurely established in tradi¬ 
tional religion, that man belonged to society and that his very 
individuality could find adequate expression only through 
society. Imbued with the false biological view of humanity, 
as a race rather than a community, even the limited sanctions 
implied in religious morality fell away. Life became a free- 
for-all where the doctrine of race could be used to justify any 
degree of class or colonial exploitation; could even be used to 
prove that white and black men were of diffcient specics.®*^^^’'^ 
Its full horror, however, was reserved for our time, where the 
excuse of race superiority, fanatically believed in by thousands 
of the followers of the Nazis, was used to perpetrate under 
conditions of incredible cruelty and degradation the largest and 
most senseless massacres in history.®'The Nazis probably 
killed in cold blood more than the sum total of all those 
massacred by all civil and religious intolerances in the whole of 
human history; and all in the name of a biological theory. 

This is only half the charge; besides glorifying race this 
perversion of Darwinism also glorified war, for it was in war that 
the race proved itself and it was in war that the fittest sur¬ 
vived.®* It is true that these ideas were for the most part those 
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of ignorant and fanatical men. Though philosophers such 
as Nietzsche (1844-1900), Bergson (1859-1941), and Sorel 
(1847-1922) gave them some countenance, very few scientists 
had any direct part in them. Nevertheless, nineteenth- and 
twentieth-century scientists cannot escape the blame. Their 
fear of entangling themselves in politics meant that they left 
the social application of their own ideas to other people, and 
made no effective protest against the perversion of the products 
of their own researches. 

Economics: the marginal theory 

The development of economics in the last years of the nine¬ 
teenth century is in marked contrast to that of history, in that 
here the trend was towards deductive theory drawn from 
abstract first principles, rather than to the accumulation of facts. 
The “ vulgar economists ” of the mid-century were content 
with asserting the iron laws of economics as a scientific justifica¬ 
tion of the harshness of exploitation of their time. However, 
already in 1852, in his Principles of Political Economy^ even John 
Stuart Mill had begun to doubt whether this degree of misery 
could be justified by any laws, and to show an alarming ten¬ 
dency towards socialism.®* Indeed in the mid-century the 
basic purpose of economic writing had changed radically though 
imperceptibly. The task of the economist of the new period 
was no longer to defend capitalism against old-fashioned 
protectionists and the landed interest, but against a criticism 
rising from below, from the socialist movement and, most 
explicitly, from Marx, and this required a more subtle and 
scientific justification. 

The line of this justification, first used by Jevons (1835-82), 
Menger (1840 1921), and Walras (1834-1910), and built into 
a complete system by Marshall (1842-1924), was the theory of 
marginal utility (p. 730). It was scientific only in the sense that 
it applied a slightly more refined mathematical theory of limits 
to the problems of economic exchanges, while accepting the 
essential and timeless naturalness of the capitalist scheme of 
production. In this theory all values are fixed by that at 
which the last or marginal unit can profitably be exchanged. 
These marginal units: the field that is just worth cultivating; 
the extra article that it would be just worth manufacturing; the 
man that would be just worth taking on or sacking; the pur¬ 
chase or the enjoyment one would just be prepared to do with- 
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out, are taken as the limiting points at which production or 
consumption of particular commodities starts or ceases. 
Average costs arc replaced by marginal costs, the difTcrence 
between them being considered to furnish both the explanation 
and the justification of rent, profit, and interest. 

The marginal theory denied any significance to value other 
than that determined by the law of supply and demand in an 
ideally free market. Value depended solely on a purely sub¬ 
jective mathematical calculus, independent of vulgar material 
considerations. Accordingly, as labour does not enter into the 
determination of value, there can be no question of surplus 
value or exploitation, so that the arguments of Ricardo and 
Marx are both regarded as irrelevant. The marginal theory 
also substituted for the pre-existing harmony of the eighteenth- 
century economists a perfect equilibrimn which is absolutely 
automatic in action but one which is at the same time an 
optimum. Any interference by trade union, monopoly, or 
government action with exchange at the true marginal values 
inevitably produces a worsening of the situation for everyone. 

The marginal theory was not presented in the first place with 
this justificatory intention. It was an attempt to account for 
price changes entirely in the terms of the market and stock 
exchanges, neglecting any consideration of the productive 
process itself, in which the economists of the time, with the 
exception of a few economic historians, were not seriously 
interested. The theory had never had, in any case, much 
contact wath economic realities. Business men made no use 
of marginal calculation in their transactions. The actual 
prices of particular goods were subjected to chance fluctuations 
due to external causes or speculators, which the theory ignored, 
and at the same time prices in general were subjected to the 
much more serious, seemingly inevitable, but unpredictable 
variations in booms and slumps. I’hese could not be ignored, 
but were treated as oscillations which would disappear when 
ideal equilibrium was reached. 

I.ong before the marginal theory had been accepted the 
conditions it postulated no longer existed. The free world 
market was visibly being encroached upon by rings and trusts 
on the one hand and by protectionist governments, often closely 
allied to them, on the other. The spread of heavy industry 
into areas outside Britain (pp. 400 f.) had, in fact, removed the 
highly favourable mid-century conditions on which the marginal 
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theory had been based. Yet it remained the economic theory 
that became established doctrine, not only in Britain but in 
nearly every capitalist country, and was taught with minor 
modifications in every department of economics. The very 
fact that it had little contact with reality only set off the 
beauties of its scientific reasoning. It was left to Lionel 
Robbins, making an explicit virtue of its failings, to declare: 

. . . both individual valuations and technical facts are 
outside the sphere of economic uniformity. . . . But is it not 
desirable to transcend such limitations? Ought we not 
to wish to be in a position to give numerical values to the 
scales of valuation, to establish quantitative laws of de¬ 
mand and supply ? . . . No doubt such knowledge would be 
useful. But a moment’s reflection should make it plain 
that we arc here entering upon a field of investigation 
where there is no reason to suppose that uniformities are to be 
discovered, 

... If this is true of attempts to provide definite quanti¬ 
tative values for such elementary concepts as demand and 
supply functions, how much more does it apply to attempts 
to provide concrete ” laws of the movement of more 
complex phenomena, price fluctuations, cost dispersions, 
business cycles, and the likc.®-^®®^ 

And to boast that true econoniics involved no 

tedious discussions of the various forms of peasant pro¬ 
prietorship, factory organization, industrial psychology, 
technical education, etc. . .. [or] spineless platitudes about 
manures. 

Nevertheless, the events of the twentieth century, particularly 
the great slump of the ’thirties, proved too much even for 
academic economists. How the revolt of the most eminent of 
these, Maynard Keynes (1883-1946), against its defects and 
absurdities marked the beginning of a new era in economic 
theory, involving the principle of full employment, will be dis¬ 
cussed in its place (pp. 793 f.). 

The major features of the marginal school, its formation and 
subjectivity, are characteristic of the general intellectual retreat 
of the late nineteenth century. It marks a return to the mis¬ 
placed mathematical interpretations of social phenomena which 
occurred at the end of the seventeenth century. With the 
introduction of statistics it appeared that, in Jevons’ phrase, 
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‘‘ our science must be mathematical simply because it deals 
with quantities.” This elimination of the social and the material 
from economics appealed to the intellectual because it appeared 
to be scientific and objective^ in the positivist and fundamentally 
subjective sense which was growing more important towards 
the end of the century (p. 408). It was, in fact, neither objec¬ 
tive nor politically neutral. By putting all emphasis on the 
consuming individual and his subjective wants, it was showing 
that there was nothing to choose between the desire of a 
millionaire for his second Rolls and that of a workman’s wife 
for a pint of milk for the children. By eliminating any concept 
of exploitation from economics it put revolutionary criticism 
out of court. By taking the existing economic system for granted 
it came ultimately to justify it. That justification was certainly 
badly wanted and was becoming more and more difficult. 

“ Fin de sieclc ” steriliiy and decadence 

The foretaste of trouble, which began with the great depres¬ 
sion of 1870 with its business insecurity, labour unrest, and 
fears of war, was to have an even more direct effect on the 
social sciences than it had on the natural sciences (pp. 485 f.). 
In spite of ever-mounting accumulations of wealth, indefinite 
progress did not seem so certain, and even its direction was in 
question. Even in Britain at the lieight of its prosperity, 
vaguely socialist tendencies grew and spread into the middle 
classes. In reaction against this, the general tendency in 
academic and intellectual circles was to ignore or to attempt to 
explain away the evils and dangers of civilization as merely 
apparent, and to distract attention from the social to the per¬ 
sonal and psychological sphere. In an age of admitted deca¬ 
dence there was a trend towards a religious, mystical, and 
frankly irrational social science. Philosophers like Nietzsche 
and Bergson, and sociologists like Pareto (1848-1923) and 
Sorcl (1847-1922), pointed to the helplessness of man in all 
his rational collective efforts, and to the need either to take 
frankly violent and irrational action, or to withdraw to absolute 
inaction and mystical contemplation. If the social world was 
beyond the sphere of reason its improvement must depend on 
the inspiration or intuition of the genius or the superman. 

Nevertheless, the profound intellectual advances brought 
about by the rise of physical and biological science, and the 
association of the prevailing liberalism with a strong tradition 
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of rationalism, made it impossible for a long time to secure the 
general acceptance of these reactionary views. Some scientific 
justification had to be found so that the social sciences, psycho¬ 
logy in particular, could be refurbished with a new scientific 
mysticism instead of the old religious one. Many of the most 
advanced, as well as the most respectable, scientists and philo¬ 
sophers contributed to this new mystification, ranging from 
Poincare (1854-1912) in France and Bertrand Russell in 
England to the hard-headed William James (1842-1910) in 
America, the founder of pragmatism and brother of the subtle 
and involved novelist Henry James. 

Pragmatism 

Pragmatism was the first major contribution of the New 
World to social thought since P'ranklin. Its quality may serve 
to show how much culture and the social conscience had 
decayed there under the influence of unrestricted capitalism. 
In the “ Gilded Age ” of Mark Twain 6.i77u ^ fantastic exploita¬ 
tion and waste of natural resources was taking place, and the 
almost open warfare between rugged individuals was resulting 
in the success of a few millionaires who were founding the big 
trusts.Its social character was shrewdly though somewhat 
superficially analysed by Veblen (1857-1929).®*^’^® It was an 
atmosphere in which cupidity, violence, and religiosity were 
precariously balanced.®-William James felt that an infusion 
of science was needed to keep them within bounds. He took 
his science from evolutionary biology, particularly from the 
abuse of the doctrine of the survival of the fittest. It was good 
to survive, therefore what led to survival must be good and the 
way itself must be the true one. Truth was what worked and 
paid off. I'his doctrine had the convenience of throwing the 
cloak of philosophic approval over church-going and money¬ 
making alike. It was, thanks to James’s most famous disciple, 
John Dewey (1859-1952), destined to be the basis of American 
liberal thought and education. For all its “ advanced ” 
character, it was scientifically empty and morally bankrupt, and 
it was later quite inadequate to resist the openly reactionary and 
obscurantist trends of Americanism. 

The Vienna School 

The most coherent and persistent effort to find a philosophy 
which while intellectually tenable ran no risk of coming into 
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conflict with the forces of capitalism was, however, made by a 
remarkable school of academic philosophers and psychologists 
who worked in Vienna at the turn of the nineteenth century. 
Vienna was at the time enjoying its last years as the capital of 
the hopelessly backward and unstable Austrian Empire. It 
possessed an old German culture free from the aggressive self- 
satisfaction of Berlin. This culture was the exclusive possession 
of a limited circle of disillusioned intellectuals of many 
nationalities, mainly dependent directly or indirectly on the 
imperial administration. It was accordingly a most eminently 
suitable city for the creation of a school of intellectual pessimism 
on all fronts. Both in philosophy and psychology it produced 
contributions, neo-positivism and psycho-analysis, which were 
to have a profound effect not only in the academic field but on 
the whole orientation of‘‘Western” or bourgeois thought in 
the twentieth century. Nor was the school confined to these 
fields; Mengei had Ibuiided an Austrian school of economists 
which, in parallel with the British school, developed the mar¬ 
ginal theory with an even greater insistence on the logical 
impossibility of socialism, which was already becoming a 
serious force in Vienna. 

Mach and positivism 

The first major contribution of the Vienna school was the 
construction of the philosophy oipositivism (p. 408), largely due 
to Mach, which asserted that science was simply the most 
convenient mode of arranging sense impressions, and that any 
discussion of the real material world was pure and useless 
metaphysics. The early positivists were particularly scornful 
of material concepts such as those of atoms, unfortunately for 
them just at a period when physical research was giving those 
concepts a reality which has become more and more apparent 
with the years. 

Though positivism appeared in the first place in the field of 
physical science, its implications were far wider. As we have 
seen in the discussion and the development of physics (p. 528) 
and of the marginal theory of economics, it marked a general 
retreat or withdrawal of intellectuals from concrete to abstract 
problems and from a naturalistic to a formal approach. 
Underlying that movement was a reluctance to face facts; for 
facts, especially social facts, were becoming increasingly hard 
for bourgeois intellectuals to face. Positivism did indeed 
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provide an admirable alibi for those who wished to be above the 
battle on the right side. As the Irishman said, “ I know you 
were impartial in this fight, but which side were you impartial 
on?” Only the most stupid reactionaries objected to it: 
unfortunately for the Austrian positivists the Nazis were among 
these. On the other side, positivist ideas easily penetrated the 
intellectual wing of the Socialist movement, increasing its 
detachment from unpleasant realities and weakening its will to 
action. A fuller discussion of the development and eflects of 
positivism, which were more evident in the twentieth century, 
will be given later (p. 821). 

Freur/ and psycho-analysis 

The second major contribution of the Vienna school was the 
apparent revolution in psychology brought about by psycho¬ 
analysis, with its exposure of the hollowness and bias of conscious 
reason and its emphasis on the irrational and amoral uncon¬ 
scious mind. By the end of the nineteenth century it was clear 
that the abstract faculty psychology of the schools was useless 
except for teaching. It was essentially Aristotelian, and had 
deliberately been kept so because all questions of feelings or 
morals had to be left to the care of organized religion. A new, 
‘‘ scientific ” psychology was needed, and it was ultimately pro¬ 
vided by Sigmund Freud (1356-1939) in the years after 1890. 
As, however, many of the developments and most of the influence 
of Freudian }:)sychology belong to the twentieth century, it will 
be better to treat it in the next chapter (pp. 815!'.). 

rositivism and reaction 

The whole tendency, exemplified in the Vienna school and 
in parallel movements in Britain and America, was to find 
philosophical, psychological, and economic justifications for 
capitalism, or, as their followers would now prefer to call it, for 
“ Western civilization,” that would give the appearance of 
scientific analysis in the liberal tradition. By stressing in the most 
learned terms the intrinsic irrationality and meaninglessness of 
the universe, the inevitability of personal bias in our interpre¬ 
tation of it, and the irresponsibility of the individual psyche at 
the mercy of its complexes, they confused and paralysed attempts 
to control and transform it. By insisting on the rights of the 
individual to remain detached from society, they furnished a 
haven for those who wanted to justify their own ineffectiveness. 
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Social thought in Britain 

In Britain, in accordance with traditions that go even farther 
back than the Industrial Revolution, abstract theory never 
played such an important role as in Europe, and, accordingly, 
social science and practical politics were never entirely distinct. 
The British, more particularly the English, for Scotland still 
clung to the European tradition, prided themselves on being 
practical and having no use for theory or metaphysics, especially 
on social matters. As we have already seen in discussing the 
physical sciences (p. 528), this was only an illusion, for much 
theory, most of it unacceptable if it had been brought into the 
open, was implied in their practical judgments. Nevertheless 
it was a convenient fiction up to a point, for it could conceal 
any degree of internal inconsistency and it allowed for change 
without loss of face. It was by such methods that, as long as 
outside circumstances remained favourable, the English bour¬ 
geoisie had, for the greater part of 300 years, managed to have 
their way without the violent collisions which their colleagues 
abroad had to suffer. From 1850 to 1880 they had indeed to 
meet very little opposition from the working class. 

The craft unions—engineers, woodworkers, etc., which were 
the first to be formed after the collapse of Chartism (1848)— 
eschewed political aims, apart from a general support for 
liberalism, and concentrated on the struggle for better wages 
and conditions. The organized workers accepted the economic 
system as it w'as, only asking for a fair share of the product of 
their labour. As long as Britain continued to be the workshop 
of the world that share remained ample enough to prevent 
them from following the example of the Continental workers, 
who were coming under the influence of Marxist social demo¬ 
cracy or anarcho-syndicalism. Already, however, in the latter 
nineteenth century the first signs that circumstances in Britain 
were not so favourable were becoming discernible. The 
depression of the ’seventies had been the signal for the revival of 
trade union activity. The idea that private enterprise and 
self-help were bound to produce steady progress and prosperity 
seemed to be shattered by experience. The unskilled workers, 
whose conditions were becoming intolerable, began to form 
unions. With the appearance of organized dock workers and 
gas workers the general character of trades unionism began to 
change. Older unions, such as the miners’, started to reorganize 
and put up a fight. Not only were economic demands pressed 
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home in hard-fought strikes, but also the justice of the capitalist 
system was again called into question. 

Socialism began to be studied and propagated by working 
men and intellectuals. The influence of Marx was to be 
found first in 1883 in a diluted and opportunist form in the 
Social Democratic Federation of H. M. Hyndman (1842-1921), 
largely concerned with parliamentary representation. Later 
a break-away body, more definitely propagandist and Marxist 
in character, was the Socialist League of William Morris (1834 - 
g6), who brought into the movement his passionate faith in 
human capacity for fellowship and the creation of beauty. As 
he expressed it: 

The contrasts of rich and poor are unendurable and 
ought not to be endured by either rich or poor. Now it 
seems to me that, feeling this, I am bound to act for the 
destruction of the system which seems to me mere oppres¬ 
sion and obstruction ; such a system can only be destroyed, 
it seems to me, by the united discontent of numbers; 
isolated acts of a few persons of the middle and u}>pcr 
classes seem to me quite powerless against it; in other 
words the antagonism of classes, which the system has 
bred, is the natural and necessary instrument of its 
destruction. 

In 1893 a more definitely working-class organization, the 
Independent Labour Party, was formed with Keir Hardie as 
president. It aimed at getting working-class candidates into 
Parliament on a programme “ to secure the collective owner¬ 
ship of all means of production, distribution, and exchange,” 
one far in advance of what passes for socialism in Labour Party 
circles today. Nevertheless its policy remained an essentially 
reformist one rejecting any suggestion of revolution. 

Social survey 

To most liberal and forward-looking people the need was not 
so much for rebuilding society as for removing the worst 
blemishes that disfigured it. What these evils were could be 
precisely determined by the development of a new method 
of investigation: the social survey. Its antecedents were the 
Royal Commissions, which had all through the nineteenth 
century thoroughly investigated many aspects of British econo¬ 
mic and social life. Usually little or nothing was done as a 
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result, but the reports were a mine of social information, of 
which Engels and Marx had made full use.^*^®®^^ 

The new social surveys represented a similar investigation 
undertaken privately and carried out by scientific methods, but 
usually with a political and economic objective in somewhat 
distant view. This was first and most fully developed in 
Britain, still the leading capitalist country. Following the 
example of the early socialists, first Booth (1840-1916) and 
then Seebohm Rowntrec and the Webbs started to study in 
a systematic and statistical way the actual condition and pat¬ 
tern of life of the poor and the working class. The motive was 
first of all philanthropic, but almost from the start it developed 
a delicate political flavour. 

The Fabian Society 

In 1884 Sidney Webb (i 859-1947) brought together a group 
of civil servants, philanthropists, publicists, and other emi¬ 
nently well-meaning people, including H. G. Wells and G. B. 
Shaw, and founded the Fabian Society. Their main objective 
was reform of the administrative and economic system through 
“ measurement and publicity,” and their very title indicated 
that their objective was to be obtained through “ the inevit¬ 
ability of gradualness.” One of their main concerns was that 
the transformation of society should take place by persuasion 
and without revolution, so that socialist measures could be 
adopted by Liberal or even Conservative administrations. 
Much was done in exposing the horrible conditions of the 
slums and sweated industries, much in the improvement of 
local government machinery, while in their History of the British 
Trade Unions^ the Webbs gave an intellectual and moral support 
to the largely spontaneous organization of the working class. 
The Fabian tracts,® some of which contain writing by Bernard 
Shaw®*^’^® w'orthy of a better cause, spread the ideas of this 
diluted socialism far wider than the Society itself. Shaw’s 
plays and Wells’ ®*^ 78 b novels were later to influence millions, and 
create an atmosphere in the early twentieth century in which 
Fabianism was almost taken for granted in intellectual circles. 

Fabian sociology : the London School of Econo?nics 

The characteristics of Fabian sociology were avoidance of 
fundamental theory and attention to facts, preferably facts in 
large numbers. Conclusions were drawn only from events that 
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were safely buried in the past, as in the magnificent studies by 
the Hammonds of the town and country labourers of the 
eighteenth and early nineteenth centuries.®*®’"® But the prob¬ 
lems of the day were to be dealt with piecemeal and slowly. The 
force behind the improvement was on no account to be an in¬ 
surgent working class, but rather an enlightened civil service and 
business community sufficiently aware of the dangers of revolu¬ 
tion to prefer the gentler alternative, which was intended to be 
the indefinite continuation of a progressively reformed and ever 
more rational and tidy capitalism. 

The Fabians had, and were proud of having, no economic 
theory of their own. Instead they accepted “ scientific ” 
economics, that is the marginal theory, without seeing or per¬ 
haps without wanting to see that capitalism cannot be changed 
by the use of a theory which implies its indefinite continuance. 
One of the greatest achievements of the Society was its pro¬ 
motion of the foundation of the London School of Economics 
and Political Science in 1895, original object of which was 
to train generations of young men in progressive thought and 
enlightened ideals. With men of the calibre of Graham 
Wallas (1858-1932), Hobhouse (1864-1929), Tawney, and 
Laski (1893--1950) on tlic staff, it might have been expected 
to produce, if not a social revolution, at least a rc-interpretation 
of economics and sociology. Actually the intrinsic timidity of 
Fabianism prevented it doing anything of the kind. Instead 
it produced competent administrators and future Labour 
ministers. Political science was to be little more than reasser¬ 
tions of edifying views on democracy and liberty. When 
recently the chair of Political Theory at the School fell to a 
voluble exponent of Conservatism no one was really surprised. 

Fabianism was in essence nineteenth-century liberalism 
adapted to the conditions of the imperial period. It recog¬ 
nized the inadequacy of the old laisser-faire policy in an era of 
growing monopoly and State interference. Instead of fighting 
imperialism it set out to make it more intelligent and efficient. 
It did not see, or refused to look at, the inherent contradictions 
of imperialism that were to lead to wars and slumps. When 
the Boer War broke out the society was almost split in half. 
Pacifists, liberals, and ILP members protested, including J. R. 
MacDonald and Mrs Pankhurst, but the official view sponsored 
by Shaw and the Webbs prevailed. 

The Fabian movement has been treated at such length not 
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because of any contribution it has made to social science, but 
because it represents, on the highest intellectual level, an effort 
to cure capitalism by understanding and kindness or, to put it 
differently, to run away from the duty of getting rid of it. It is 
still important because it provides the intellectual base in 
Britain, and to a certain degree in the United States, for the 
Labour Party and the Progressive Democrats, and is similar to, 
but not identical with, the Reformist Social Democrats of the 
Continent. Though Bernstein, the originator of the Marxist 
revisionist movement, had been in England and had come 
under the influence of the Fabians, that movement turned back 
from Marxism only when there was any danger of its coming 
into conflict with capitalism. The Fabians had avoided even 
that risk from the start. 

The inner contradiction of social sciences under capitalism 

Even such a brief story of the development of the social 
sciences in the latter part of the nineteenth century must reveal 
their incoherent and contradictory nature. It was in fact 
more and more difficult to reconcile the drive for greater 
knowledge and understanding, made necessary by the increas¬ 
ing scope and complexity of the social scheme, with the ban 
on the dissemination of anything that might upset the ruling 
order based on the exploitation of labour for profit. Such 
science must necessarily be partial, compartmented, and apolo¬ 
getic in tone. All the real issues were evaded the more easily 
by being so copiously hidden in a cloud of disputes about 
trivialities. Academic social science in a decaying capitalism 
could have no more future than could the social order that had 
called it into existence and directed its steps. 

12 ,g—THE GROWTH OF MARXISM IN THE NINE¬ 
TEENTH AND EARLY TWENTIETH CENTURIES 

During the same period, from the creative work of Marx in 
the ’forties to the success of the Russian revolution in 1917, a 
radically new and quite unofficial social science had been 
growing up and flourishing. The Marxists, persecuted, with¬ 
out money, without any of the apparatus of Press, literature, 
science, or education that were available for propagating official 
views, kept up all through the nineteenth and early twentieth 
centuries a continuously developing criticism of society, one 

761 



THE SOCIAL SCIENCES IN HISTORY 

that was not only far deeper but also far wider than that of 
academic social science. 

One of the key ideas of Marx was the unity of the sciences, 
and, accordingly, Marxism developed without that separation 
between science and the humanities or between natural and 
social sciences which became more and more characteristic of 
bourgeois culture. Economics, technics, and the physical 
sciences were all combined with the social sciences in one active 
unity, which found expression in Marx’s Capital^ of which the 
central economic doctrine of capitalist exploitation through 
surplus value has already been set out (pp. 736 f.). This is, how¬ 
ever, only a part of the wealth of economic knowledge it con¬ 
tains. In addition, not only did Marx carry through a deep 
analysis of the current transactions of industrial production 
and finance, but he also explained the recurrent crises of over¬ 
production to which capitalism was liable. It was more than 
fifty years before these crises w'crc ofiicially admitted by bour¬ 
geois economists to be necessary consequences of the economic 
system of capitalism and to this day they can neither account 
for crises nor prevent them (p. 795). 

Dialectical materialism 

But Capital is not only an illuminating and damning account 
of a social system. It contains, in its general construction and 
on almost every page, examples of a new method, as important 
in the development of historic and social sciences as was the 
experimental method of natural science of the seventeenth 
century. Both have a common base in the world of matter and 
in man’s experience of understanding and controlling it; but the 
method of Marx, dialectical materialism, is a wider generalization 
applicable to the whole field of human endeavour, the world of 
man as much as the world of Nature. Armed with this method, 
Marx and his followers attacked numbers of problems that had 
proved insoluble in terms of the old philosophies, and many new 
ones to the very existence of which they had been blind. 

It is impossible within the scope of such a history as this to 
give any account of dialectical materialism adequate for those 
not familiar with it; 1 - 2.365 v^hat follows is hardly more than a 
catalogue of its main features. Its essence is the understanding 
of the appearance of new forms and new processes as a result of 
internal conflicts, rather than as an effect of external forces 
(mechanism) or of the influence of a predetermined end (teleo- 
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logy). Marx had found his original examples of dialectical 
materialism in the social field, in transformations such as that 
from feudalism to capitalism and in the much more important 
transformation in which he was to play such a large part: from 
capitalism to socialism. Here internal contradictions and the 
appearance of new forms were far easier to observe than were 
changes in the inanimate world or in organic evolution, with 
their almost infinitely slower rate of change. 

Marx made use of the abstract Hegelian form of the trans¬ 
formation from the categories of qualitative to quantitative to 
describe real changes in a complex material system. He 
showed how a new system of society, qualitatively different 
from the old, had arisen naturally as the effect of an accumula¬ 
tion of quantitative changes in the old: such as the growth of 
trade or of machinery with their associated social conflicts. 
Moreover, the qualitative change had to be abrupt and decisive, 
for unbroken development could never lead to anything really 
new. The dialectic accounts for changes by showing how they 
arise from the stress of conflicts generated inside the earlier 
system and ultimately breaking it down to liberate a new 
system, 'hhis approach does not need to invoke either determin¬ 
ing material factors such as climate or disease, operating from 
outside, or to fall back on the concealed ignorance of attributing 
all changes to providence or chance. A discussion of how this 
applies to the development of societies through the interplay 
of productive forces and productive relations has already been 
given (p. 738), but it needs some further explanation here. 

According to the Marxist picture of social development, with 
each change of the economic system was associated the appear¬ 
ance of a new class in society, with very different shares in the 
work and in the appropriation of its products. Each new 
dominant class would in the process of its exploitation of other 
classes appropriate the largest share of the product. In doing 
this they tended to leave the actual process of production more 
and more to other classes. The class that came to operate the 
most advanced methods of production of the time would, after 
a struggle, supplant the older dominant class. In doing so it 
would change the productive relations of society to conform 
with the new methods of production, with a corresponding 
change in ideology. Thus the ruling plutocracy of the classical 
slave States gave way to a largely barbarian feudal nobility 
more adapted to the running of a subsistence economy (p. 180). 
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The feudal lords yielded in turn to the bourgeoisie, who had 
fought for and won the right to trade and manufacture in an 
exchange economy (p. 282), while now' the bourgeoisie is being 
displaced by the workers, whose socially co-operative labour 
belongs to the era of scientific production and planning (p. 503). 
It was in this sense that Marx claimed that all history was one 
of class struggle. 

Thus the dialectic of history was not a formal pattern 
imposed by Marx on the development of society, but arose from 
the actual analysis of its changes, and only then was it made the 
basis of wider generalizations. What makes Marx one of the 
greatest of scientists w^as his realization that the prime task of a 
student of society was to discover the inner laws of its develop¬ 
ment and that having found them himself, he went on to prove 
their efficiency in practice as well as theory. 

Engels: socialism^ society^ and Nature 

Engels expounded Marx’s work and extended its implica¬ 
tions outside the field of economics. In Anti-DUhring^-'^'^^ he 
sketched the pattern of a scientific socialism, not derived from 
wishful thinking about an ideal community, but as a natural 
dialectical development of the working class in destroying the 
bourgeois capitalist State and building their own socialist 
State in its place. In the Origin of the Family, Private Property, 
and the State he extended the same method to the early 
stages of human history. He saw the importance of Morgan 
and Tylor’s studies of primitive societies (p. 746), and recognized 
in the economic factors of private property and the division 
of classes the forces that converted a community of equals, 
living by unwritten tradition, into a civilized State with its 
rich and poor, its laws, police, religions, and wars. Finally, 
in his Dialectics of Nature, unpublished until our own day,^-^® he 
reached out to explanations of the origins and transformation 
of pre-human nature, showing how the same dialectic principles 
also held sway there. It is only now that we arc beginning to 
understand how powerful a method Marx and Engels had 
forged, and how badly it is needed to make the world of Nature 
and of humanity intelligible as a process. 

Changing the world 

If Marx and Engels had been content merely to put forward 
their theses on economics, history, and philosophy as academic 
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exercises, they might have won a place in the learned world 
in spite of their radical conclusions; but from the very nature 
of their approach to society they could not accept these limita¬ 
tions. Marx was not a settcr-up of philosophical systems; 
he did not want merely to contemplate the truths of science, but 
to use them to transform society. He realized that the laws 
of social development which he had discovered gave, for the 
first time, the opportunity for effective and consciously directed 
social action. What the natural scientists had done in trans¬ 
forming Nature through a knowledge of natural law and the use 
of natural forces could now be achieved in the social sphere. 
Changes in society had indeed always been brought about 
through the action of conscious human wills. There was all 
the difference between action based on understanding of a total 
situation and that determined only by the choice of limited 
and ignorant men, for here the results had rarely corresponded to 
the original intentions.^^-^^®-‘ Indeed the major transformations 
of society had come about without anyone consciously desiring 
them; so much so that fate, providence, or natural law had to 
be invoked to explain them. 

Thus, while the academic sociologists and economists dis¬ 
cussed and explained the workings of the capitalist system, 
which they considered as the only true, natural, and free econo¬ 
mic system, the Marxists were already taking action, welding 
together the largely unawakened and unorganized working 
class, and rousing them to a realization of the role they were to 
play in the transformation of society and in the organization of 
a new planned economy to take the place of that of capitalism. 
The foundation of the First International and of the original 
Social Democratic Parties was not only an integral part of the 
life work of Marx and Engels: it was an integral part of their 
development of social theory. The early Marxists created 
social science while making social history. 

Marx and Engels and their increasing band of fellow fighters 
remained continually in touch with and alive to political and 
social changes in every part of the world. Every event of 
importance from America to India, from Japan to Ireland, was 
subject to their scrutiny and judgment.®*They learned 
lessons from the successes and also from the failures of socialist 
and progressive movements. The most famous of these, the 
Paris Commune of 1871, was for the most part the work of 
ideaJisI and liberal patriots. Marxist communists played a 

765 



THE SOCIAL SCIENCES IN HISTORY 

relatively unimportant role. From the very moment of the 
outbreak Marx saw that the solid working-class support given 
to the Commune and the senseless brutality of its repression 
by the agents of French capitalism had transformed an un¬ 
successful assertion of democratic rights into a prototype of the 
working-class seizure of power. He wanted the working class 
throughout the world to emulate the courage and avoid the 
weakness and confusion of the Communards by a more thorough 
grasp of revolutionary theory.®-^®® 

Difficulties and divisio?is in the camp of socialism 

After the death of Marx in 1883 the socialist movement, 
though growing in strength, lost something of its understanding 
of events, and there was no marked advance in theory. This 
was largely due to the emergence of a new' phase of capitalism- 
that of imperialism—which Marx had only begun to deal w'ith, 
and which was only adequately analysed by I.enin twenty 
years later (p. 771). Meanwhile, Marxist socialists had not 
only to fight against capitalists and against the governments 
they controlled, they had also to deal w^ith difficultif^s w'ithin 
the movement itself. The very success of Marxist doctrine 
among active w^orking-class movements in Europe brought new 
difficulties in its train. What Marx had given to the working 
class and their allies w^as the reasoned belief in the possibility 
of the overthrow of capitalism. He had done something as 
well to sketch the kind of socialist system that would take its 
place.®* At the same time, howTver, following the Marxist 
programme required an exercise of understanding, effort, 
restraint, and discipline too great for many who were in agree¬ 
ment with the general objectives of socialism. They wanted 
short cuts or easy ways to socialism. There were splits and 
rival movements, and much of the time and work of the early 
Marxists was taken up with apparently endless but essential 
controversy w^hich helped to extend and deepen the under¬ 
standing of society. 

In the first place there were rather shallow and well-meaning 
persons with a genuine feeling for social betterment who 
attached themselves to the band-wagon of socialism, but who 
completely lacked the knowledge or political sense needed to 
form and direct an effective socialist movement. In particular, 
they avoided the whole idea of class struggle and imagined 
that all that was necessary to achieve socialism was to set out 
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a sufficiently attractive picture of what it was like. Of these in 
Britain there were the Christian Socialists and the followers of 
Henry George, and in Germany the “ true ” Socialists like Herr 
Eugen Duhring, who has been so completely dealt with by 
Engels that he may stand for the whole tribe.® 

Anarchism 

More serious were the defections of those who, having once 
worked alongside the Marxist socialists in a common struggle 
against capitalism, had broken from them and taken different 
paths. The first of these defections, that of the anarchists, 
was the result of the break away of the impatient and violent 
Russian emigre nobleman, Bakunin (1824-1901), which broke 
up the First Working Man’s International in 1876. Anarchism 
had a special appeal to generous sentiment because of its denial 
of the need for tedious social theory, either before or after the 
destruction of hated governments; and because of its violent 
anti-clericalism, its contempt of legality, and its romantic 
revolutionary flavour. It found its leaders among the emigres, 
and its support from workers in backward countries in southern 
Europe and in America, where the impact of capitalism had 
been peculiarly brutal, where there was little large-scale in¬ 
dustry which could provide a core of disciplined workers, and 
where legal and peaceful remedies were not to be had. For 
all the devotion and sacrifice it commanded, anarchism did not 
and could not even mitigate these conditions. The best it 
could do was to maintain the spirit of class militancy; the 
worst was to furnish a basis for diversions and internecine 
quarrels, thus weakening the whole movement. 

Reformist social democracy 

In the countries of more developed capitalism, particularly 
in Germany, Scandinavia, and Britain, the temptation was 
not to intensify but rather to escape from the rigours of the 
class struggle by pretending that it did not exist. Relying on 
the additional profits that imperial exploitation was bringing 
in, it was tempting to believe that socialism, even Marxist 
socialism, could be achieved by an evolutionary process. 
Nothing more drastic was required than a gradual and im¬ 
perceptible modification of capitalism through the operation 
of normal democratic processes. This view completely under¬ 
estimated the power and tenacity of the capitalists and their 
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willingness to use extra legal methods of repression, as the events 
in Germany of 1918 and 1933 were to bear tragic witness. In 
Germany, where the movement had the most success and where 
strong Marxist Social Democratic movements had been built 
up as early as the 1870s, the tendency to revise Marxism, to 
prove scientifically that it had served its purpose and was now 
out of date, was most strongly marked. Marx himself pointed 
out and condemned this tendency in his Critique of the Gotha 
Programme of 1875. analysis of reformism expressed in 

the circular letter which he issued with Engels in 1879 is still 
relevant: 

It is the representatives of the petty bourgeoisie who are 
here presenting themselves, full of anxiety that the pro¬ 
letariat under the pressure of its revolutionary position, 
may “ go too far.” Instead of decided political opposi¬ 
tion, general compromise; instead of the struggle against 
the government and the bourgeoisie, an attempt to win 
and to persuade; instead of defiant resistance to ill treat¬ 
ment from above, a humble submission and a confession 
that the punishment was deserv^ed. Historically necessary 
conflicts are all reinterpreted as misunderstandings, and 
all discussion ends with the assurance that after all we are 
all agreed on the main point.®* 

While the warning as to their fate—“ These are the same 
people who under the pretence of indefatigable activity not 
only do nothing themselves but also try to prevent anything 
happening at all except—chatter ... the same people who 
see reaction and are then quite astonished to find themselves 
at last in a blind alley where neither resistance nor flight is 
possible ”—was to be unheeded until Hitler’s time. Marx and 
Engels made their own position quite clear: 

As for ourselves, in view of our whole past there is only 
one path open to us. For almost forty years we have 
stressed the class struggle as the immediate driving force 
of history and in particular the class struggle between the 
bourgeoisie and the proletariat as the great lever of the 
modern social revolution; it is therefore impossible for us to 
co-operate with people who wish to expunge this class 
struggle from the movement. When the International 
was formed we expressly formulated the battle-cry: the 
emancipation of the working classes must be conquered 
by the working classes themselves. We cannot therefore 
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co-operate with people who say that the workers are too 
uneducated to emancipate themselves and must first be freed 
from above by philanthropic bourgeois and petty bourgeois. 

Though Marx and Engels succeeded in preserving a solid core 
of convinced and determined socialists, the reformist trend was 
continually being reinforced by those who found in the socialist 
movement a sure path to positions of power and affluence. 
Indeed after Bismarck had shown the way with Lassallc (1825- 
64), capitalist governments themselves learned to patronize a 
socialism that confined itself to words and could be counted 
on never to do anything serious to interfere with their interests. 
As soon as one socialist leader went too far and was absorbed 
into the ranks of the bourgeois parties, as were Millerand in 
France and Mussolini in Italy, others equally inclined to 
compromise were always found to take his place. 

The British Labour movement 

In Britain a similar drift towards respectability occurred; 
but whereas on the Continent Social Democratic parties were 
nominally Marxist, if really reformist, most of the organizations 
which made up the British Labour movement were openly 
reformist to start with. Though all drew their fundamental 
ideas on socialism from Marx, Marxism as a theory was 
repudiated by all but the small Social Democratic Federation. 
This was in line with the traditional resistance to all theory 
which the British had always found such an easy way to avoid 
fundamental criticism of the class struggle. It also derived 
from the historic fact that Marx’s first attack on the capitalist 
system came just after, and partly in consequence of, the first 
reaction of the working classes, which was particularly violent 
and explicit in the hungry ’forties in the C4hartist movement. 
After 1850 the commercial triumph of Britain as the workshop 
of the world eased the economic position of the working class. 
That situation came to an end by 1880, but within a decade 
the position had largely been recovered as a result of the rise of 
imperialism, and the interval of economic stress was too short 
for the influence of socialism to make itself felt. The British 
working class still tended to identify itself with its own bour¬ 
geoisie in a way impossible for the working class in any other 
country. We have seen (pp. 759 f.) how the role of theorists of 
the socialist movement in Britain was taken over not by the 
Marxists but by the Fabians. In 1912 and in 1926 great strikes 
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gave warnings that the fundamental conflict with capitalism had 
lost none of its force. Nevertheless, it is not until the mid- 
twentieth century that the loss of Britain’s favoured position 
in the world, after tvN O crippling wars, is forcing the working 
class to realize the danger of reformist socialism. 

One characteristic of reformism is the abandonment of any 
attempt to produce a theory of socialism difi'erent from that 
of academic social science, llie idea that science can possibly 
be influenced by the upbringing, social milieu, or interests of 
the scientists is indignantly repudiated. The doctrines of auto¬ 
matic and imperceptible biological evolution arc supposed to 
have made revolution unscientific and unnecessary, while the 
acceptance of marginal economics seems to remove the very 
existence of the exploitation on which Marx had relied to 
provide a motive to abolish capitalism. 

The reformist tendency, though it contributed to the retarda¬ 
tion of the achievement of socialism in the advanced capitalist 
countries, was itself a consequence of the movement towards im¬ 
perialism (pp. 493 f.) on which the powers of monopoly capital 
had embarked to overcome the difficulties of finding markets. 
In the process the pressure on the skilled workers who produced 
the capital goods and armaments was slightly relieved. At 
the same time, as we have seen, in Britain, the major imperialist 
power, Fabian ideologists looked along the path of empire 
for the solution of economic and social difficulties.®*It is 
therefore not surprising that the next steps in the development 
of Marxist thought and action should not come from any of the 
prime centres of imperialism, but from one in which the contra¬ 
dictions of capitalism showed themselves in a much cruder form. 

The genesis of the Russian Revolution 

Russia, at the end of the nineteenth century, was politically 
and economically at the same time an imperialist and a colonial 
country. With an old culture and tradition, it was politically 
the most backward State in Europe, and the Tsarist autocracy 
was occupied in a policy of aggrandizement in Central and 
Eastern Asia no less imperialist than that being pursued by 
Britain in India or by all the European powers in Africa. 
But this imperialism lacked its essential economic base; Russia 
was industrially backward, and though, as time has shown, 
quite capable of developing its own resources, this was im¬ 
possible under Tsarist government. Instead it had become a 
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chosen field of investment by which foreign firms exploited 
its resources for their own benefit and multiplied loans to the 
Government on exorbitant terms. It is not surprising that in 
the resulting atmosphere of misery, graft, and frustration 
almost everyone of intelligence and spirit was in opposition to 
the system, which could only be maintained by a brutal and 
stupid police repression. Most of this opposition, however, 
lacking an adequate social theory, spent itself uselessly in 
conspiratorial terrorism. A turn came when, simultaneously 
with the growth of an industrial working class, Marxist ideas 
began to penetrate into Russia. Among those who took 
them up most intelligently was Plekhanov (1856-1918). 

Lenin 

His most important disciple, who far exceeded him in 
intelligence and ability, was Vladimir Ilyich Ulyanov (1870- 
1924), known to posterity by his nom de guerre of Lenin. He 
came on Marxism as a student and already a revolutionary. 
It was he who, by first absorbing basic Marxist theory, found 
how to apply it not only to Russian conditions but also to the 
economic, political, and intellectual world situation of the turn 
of the century, already very dilfcrent from those Marx himself 
had dealt with. If he had not been one of the greatest of the 
world’s political leaders, Lenin’s intellectual pre-eminence 
would have been recognized by reason of his contributions to 
economics and philosophy. He was the first to see in the 
rampant imperialism of his time, which even the progressive 
leaders of Fabianism supported (p. 760), the symptom of the 
decay of capitalism unable to find sufliciently profitable home 
markets for its capital goods production. He was also very 
much alive to the intellectual and cultural changes that ac¬ 
companied the era of imperialism. In his Materialism and 
Empirio-Criticism^^-'^'^^ he analysed the positivist tendencies of 
Mach and his followers in the Russian socialist movement, and 
showed that, for all their claims to an advanced and objective 
scientific outlook, they were on a path that could only lead 
back to the pure idealism of Berkeley and Plato, and hence to 
the support of the position of reaction. 

A party of a new kind 

For Lenin, however, the central problem was the political 
one. How was the revolution, which all Russian progressives 
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agreed was necessary, to be carried out, and what was to follow 
it? Lenin had learned from Plekhanov the importance, even 
in backward Russia, of the industrial workers as a revolutionary 
force. He drew from it the practical conclusion of the need 
for a party imbued with a Marxist understanding of the tasks 
before it and devoted to winning the people for the complete 
triumph of socialism. This party was originally the Social 
Democratic Majority (Bolshevik) Party, later to become the 
Communist Party. It met its initial trials in the revolution of 
1905. This revolution was in the first place a bourgeois one, 
though in order to shake the Tsarist Government the bour¬ 
geoisie made common cause with the workers. It failed 
because the bourgeoisie preferred to compromise with Tsarism 
rather than to push the revolution furthcr.®-^^^ Lenin showed 
his real greatness after that defeat, which did not undermine 
his confidence in ultimate success but which taught him many 
valuable lessons, particularly on the need to isolate the bour¬ 
geoisie by making an alliance between workers and peasants. 
The turning point came when he was able to transform a 
second revolution, which was in its first stages also a bourgeois 
revolt brought about by the military failure of Tsarism, into 
an effective and permanent seizure of power by the workers. 

From this, despite all the efforts of external and internal 
enemies, he was able to bring into existence for the first time 
in history a new kind of State with the people, led by the workers 
and peasants, in control. As both the theorist and the archi¬ 
tect of the new society Lenin holds a unique place in human 
history. Because he was able to use the test of practice he was 
able to check and correct his earlier views. He continued his 
political analysis even in the midst of the struggles of the early 
days of the Soviet State. In ^State and Revolutions ^published 
on the very verge of the upheaval, he had analysed the difference 
between the bourgeois State as the executive organ of finance 
capital to which the people could at best be persuaded to give 
their passive assent through the elaborate forms and fictions of 
parliamentary democracy, and the new socialist State, which 
must draw its strength from the active participation of all the 
people in thousands of organizations, factories, streets, and 
farms. This new form of democracy would, in the first place, 
break with the whole State and economic machine of former 
governments, tied as it inevitably was to the interests of capital. 
But a new State had to take its place with greatly extended 
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powers, directing in a planned way the economic functions of 
production and distribution. Further, as long as it was batt¬ 
ling for existence in a hostile capitalist world, it had also to build 
up and maintain the military and diplomatic functions of 
government.®*^ 

Lenin also saw very clearly the place of the Russian revolu¬ 
tion in relation to the world socialist movement. He saw that 
in Germany, where after its defeat the conditions for revolution 
were most favourable, the attachment of most social democratic 
leaders to capitalism was certain to betray the country to the 
forces of reaction.®*^^^ He realized that when interventionary 
wars had failed to break the new republic there would follow a 
long period of coexistence, in which it would be necessary to 
deal with capitalists on a strictly business basis, while depending 
on the friendship of the peoples of the capitalist countries to 
prevent further attacks. 

This he knew would be no easy task. The barrage of hysteri¬ 
cal abuse against the new regime by the controlled Press of 
the capitalist world never ceased, and its effect was being 
reinforced by the activities, sometimes merely stupidly en¬ 
thusiastic, sometimes deliberately provocative and wrecking, 
of some of the friends of the revolution abroad. In his Left- 
Wing Communism^ an Infantile Disorder^ Lenin analysed and de¬ 
nounced these tendencies, and showed the absolute necessity 
of a sound social theory in order to avoid on the one side the 
over-caution and on the other the rashness which, when they 
were honest, flowed both from a lack of understanding of the 
social forces and from the movements they generated. His 
warnings were to be amply borne out by the political events 
inside and outside the Soviet Union in the subsequent thirty 
years. The writings of Lenin are still a major source of the 
new social science of the present and the future. 

In following Lenin’s career we have inevitably been led 
beyond the confines set for this chapter, which was to end with 
the success of the Russian Revolution of 1917. This, however, 
is not of much importance as the division between this chapter 
and the next is largely for convenience and to secure parallelism 
with the rest of the book. For the same reason it would be 
inappropriate to conclude here with any general appreciation, 
which will be left to the end of the next chapter. 
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Chapter 13 

THE SOCIAL SCIENCES AFTER THE FIRST 
WORLD IVAR 

i^.o-INTRODUCriON 

T he war of 1914 shattered the hope of a permanent, 
peaceful evolution of capitalism. It displayed the 
existence of power rivalries, the fruits of imperialism, 
too strong to be resolved except by force (pp. 494 f.). While the 
outbreak of the w^ar marked the end of one period, the 1917 
Revolution in Russia marked the beginning of a new era. 
Socialism, from being a doctrine and a rallying point of resistance 
to economic injustice, was now^ being put to the test of actual 
practice. One of the world Powers had now become a socialist 
State based on Marxist principles. From then on Marxism, 
from being an unofficial and outlaw philosophy, was to be the 
creative basis of thought of 150 million people and was to 
become, by our time, that of some 900 million, or more than 
a third of the world’s population. 

From 1917 onwards two functioning systems of society have 
existed side by side, corresponding to the two systems of 
thought: capitalist and socialist. In the capitalist world social 
science has had to adjust itself to conditions of increasing 
instability and violence. Over the same period in the socialist 
world the enormous tasks, first of struggling for mere existence, 
and then of building a material base for a new kind of social 
life, have presented a continuous series of new problems to 
social science. 

In this chapter we will first discuss (13.0) the political and 
economic events that influenced the development of social 
thought in the twentieth century. This will cover the same 
ground already treated in the introduction to Part VI, but re¬ 
garded from a different point of view. It will be considered 
not so much in relation to technical and economic develop¬ 
ments as to events directly affecting people’s attitudes and modes 
of thought. This leads to a general discussion (13.1) of the 
character of the social thought of the period, both in the 
capitalist and socialist sectors of the world. There follows 
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(13.2“13.5) a detailed analysis of aspects of capitalist social 
science. Section 13.2 covers economics; 13.3 the applications 
of social science in statistics, social surveys, and market pro¬ 
ductivity; 13.4 deals with education, and 13.5 with the more 
purely ideological aspects of psychology, philosophy, and 
theology. From here we pass to a corresponding survey 
(13.6-13.8) of developments in the socialist countries, beginning 
with a consideration of the conditions under which they took 
place. In 13.7 there is a description of education, history, 
psychology, and economics in the Soviet Union, together with 
some indication of how these studies have affected its economy, 
science, and culture. Section 13.8 deals with more recent 
developments in the Popular Democracies in Europe and in the 
People’s Republic of China. Finally in 13.9 something is 
said of possible future developments in the social sciences. 

The social transfomations of the twentieth century 

At no previous period in history has mankind gone through 
such profound changes in such a short lime as in the years 
after 1914. The economic fluctuations, the bitter internal 
political struggles, the wars and the preparation for new wars, 
followed each other without respite, and all well within the 
span of a single lifetime. The thoughts and attitudes of men 
and women were inevitably affected by this changing situation, 
even if with some this meant a deliberate turning away from 
the whole political, social scene. 

The capitalist world throughout this period of unregulated 
growth and disintegration lacked any central purpose or expecta¬ 
tion outside the pursuit of profit or mere survival. It is not 
surprising therefore that in its ambit there should be a great 
confusion of counsel, which finds its intellectual expression in 
a variety of theories in social science. In psychology, in 
economics, in philosophy there have been a host of rival and 
somewhat ephemeral schools, few carrying any sense of hope, 
purpose, or even intellectual conviction. Only those who were 
willing to examine and criticize the whole system under which 
they lived, and could follow the tradition of resistance to it, 
could find in their understanding a basis for hope. 

In the socialist world the urgent problems of mere existence 
at first, later of construction and cultural creation, imposed a 
need for a strong unity of purpose and belief capable of inspir¬ 
ing whole peoples to carry out almost superhuman tasks. To 
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achieve and maintain that unity was not easy. Living, as 
they did for decades under the conditions ol war or the threat 
of war, the peoples of the Soviet Union had to forge their 
social theories out of their experience on the basis of the heritage 
of Marx and Engels. 

We have already discussed earlier (pp. 491 f.) the nature and 
origin of the economic and political changes of the twentieth 
century. Here it is only necessary to recall a series of events 
which arc only too familiar to most of my readers, and to say 
something of their effects on determining the atmosphere of 
social thought. 

The general pattern in the twentieth century is determined 
by the two most violent phases of the First and Second World 
Wars and by the great slump that marked the period between 
them. In each decade from 1910 onwards we can distinguish 
years of social progress and emancipation; in 1912 with the great 
strikes and the revival of socialism, in 1920 with the post-war 
reconstruction, in 1936 with the triumph of the Front Populairc, 
in 1946 with the era of liberation and ‘"one-world ” co-opera¬ 
tion. Between them came reaction and disaster. Each of these 
disasters was a consequence of the inability of the capitalist 
system to resolve, except by war or widespread misery, the 
difficulties inherent in its economy. 

After each major disaster, in which the rottenness and hollow¬ 
ness of the old forms of society were revealed, there came a 
movement of hopeful popular resurgence carrying with it a new 
rush of progressive ideas. These movements, failing for the 
most part to break through the multiple and deep defences of 
the capitalist system, died aw^ay in confusion and frustration, 
and gave place to periods of reaction and repression. But, 
as no degree of reaction can stabilize a system that carries 
its own seeds of destruction, these phases in turn passed into 
fresh disaster. Such an abbreviated and schematic account 
is necessarily an over-simplification, but it is needed to get any 
understanding of the development of social thought over the 
period. 

It would be wrong to see in these alternations any cyclical 
tendency of history to repeat itself indefinitely. Each phase 
had its own characteristics, and in succession they mark the 
persistence of an overriding tendency, the shrinking of the 
power of capitalism and its inability to find any stable basis. 

The effect of the great slump was necessarily different in 
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character from that of the two wars. Without an open struggle, 
except in Spain, the progressive movement was divided and 
suppressed. The Nazi movement w-as itself an exploitation by 
the big industrialists of popular revulsion against the regime 
of unemployment and misery which they had themselves 
brought about. It was indeed by putting illegality in the 
service of reaction that th(‘ popular forces w'cre held down in 
the years before the Second World War. 

That war showed in turn that the upsurge of popular feeling 
in the ’thirties had not been crushed, but only held in check, 
as it burst out with increasing determination and capacity in 
the era of liberation. For the first tinu* men and women in 
all countries in the world, inside as well as outside the area 
occupied by the Nazis and their allies, found themsel\(\s 
engaged in an (iiterprise with a common object. 'Flic fear 
and hatred of Fascism was a powerfid motivating force. For 
although many ])eople, csj)ecially in the highest places, had 
very diffcjcnt ideas as to tlu* object of the \Var, at the same 
time there w^as a degrt'C of social harmony in capitalist countries 
wdiich had not been approached in the First World War, whose 
nakedly imperialist character had always been too evident. 

The ])ositivc and unitary movement brought about by the 
war barely survived it for a year or two. During the War, and 
for a short time after it, there seemed to be sonw. hope of 
building a ])eaceful and co-operative woild in which countries 
with capitalist and with communist gox'crnments, and even 
those with mixed governments such as France and Italy, could 
co-operat(\ Tlie very idea of “ One World ” of mutual co- 
0!)eration and understanding wms especially distasteful to the 
]:)rivilcged classes in America and liurope. They saw to it, 
by making full use of every interest and prejudice in their own 
countries and of every difficulty and mistake in the camp of 
socialism, that the friendship was replaced by suspicion and 
hatred. Thus began the era of the Cold War, watli its tragic 
consequences in Greece, Malaya, Indo-China, and Korea. 
At the last moment, howevcT, popular feeling prevented this 
being turned into a Third World War—and once again in 1954 
the drive for peace is in the ascendant. 

Influefice of events on social science 

The struggle in the economic, political, and military fields 
could not fail to affect social science, however academic, 
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Nevertheless, because of the class nature of the struggles them¬ 
selves and of the social background and upbringing of the 
intellectuals in capitalist countries, this influence had more 
often than not a strong bias on the Right. From the moment 
that Marxism had triumphed in one country and had thus 
become an example as well as a danger, all the influence of 
reaction was turned against it. Though the intellectuals of 
the early century had been formed on the tradition of liberalism, 
they found it hard to resist the combined attack of politicians, 
Press, and patronage. They were torn by divided loyalties, 
between ideas and practice, between championing the down¬ 
trodden and being good (itizens. This, rather than any 
original sin, is th(' real source of the angst and guilt that afllicl 
those intc'llectuals who cannot preserve! their laith in the 
people. 

In periods of liberation nearly all intellectuals were carried 
a little way forward on a wave of popular feeling, as in the 
period of reconstruction after the First World War or oi* the 
New Deal in America. Onc(‘ the popular forces got into dilli- 
culties, however, and ia‘actioii took control, most of them 
tended to become disillusioned and pessimistic. In their 
efforts to avoid the imputation of being fellow travellers, some 
were driven increasingly to distorting the idea of progress and 
even of doubting its possibility. Many were forced back on 
to the comforting certainties of the past and, unable to change! 
the real world or to prevent it changing in ways they did not 
like, preferred to withdraw to private worlds of their own. 
This intellectual reaction, automatic or discreetly sponsored 
in Britain, is being brutally enforced by smear campaigns and 
McCarthyism in the United States. 

The break-up of Liberalism 

In these conditions it is not surprising tliat the general 
characteristic of official social thought under capitalism in the 
twentieth century is its timidity, far more marked than even 
that of the last quarter of the nineteenth. It had served well 
enough to discourage faith and action, but it had lost all 
capacity to inspire. It is not that inspiration is disparaged. 
Sermons and speeches continually assert the need for an 
inspiration for the free (capitalist) world to balance that of 
communists, who, however misguided, seem to have some 
faith to live by. So far, however, that inspiration is still to 
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seek. I'hc lone of oflicially sanctioned opinion remains funda¬ 
mentally apologetic and defensive. 

Here we have the apparent paradox of a period^ essentially 
one of popular development and liberation, in which theories 
of society are static or retrograde. The old liberal world- 
picture of the nineteenth century was destroyed in the twentieth 
by the very experience of its futility in action, though it sur¬ 
vived longer in some countries than in others. In its place, 
and varying according to the situations in different countries, 
there grew up a variety of other attitudes, ranging from those 
of social democracy to those of Fascism. Some of the develop¬ 
ments that followed the upheaval of the First World War and 
the Russian Revolution are discussed in the succeeding para¬ 
graphs. 

The American scene 

In the great “ hav(! ” country, the United States, a “ return 
to normalcy ” was the ruling idea after the upsetting experience 
of a somewhat remote war of 1917 i8. A belief in competition 
and in the values of rugged individualism successfully concealed 
the unchecked growth of big business corporations; at least 
it did so until the slump of 1929-32 called for ‘‘ a new deal.” 
The evident failure ol' capitalism to maintain its boasted 
prosperity, which could be put down to no outside cause, and 
the need for irnrnediate measures to deal with vast unemploy¬ 
ment, favoured an upsurge of progressive thought and some 
])rogressive action, such as the Tennessee Valley Authority 
(p. 677). But New Deal thought was too concerned with 
short-term remedies to search for underlying causes in the 
(X-onomy. The liberal capitalist ascendancy was retained, and 
only mitigated by a provision for rescuing the worst-hit victims 
of business instability. The New Deal advocates, including 
their great leader, Franklin Delano Roosevelt, evaded any 
serious analysis of the economic situation, which would have 
meant a criticism of its basis in capitalism. They failed to 
put forward any fundamental programme which could have 
rallied the people behind them to maintain and enlarge the 
liberal movement they had started. They were thus in no 
position to fight against the return of full-blooded capitalist 
ideas and practice once the state of the market improved. 
With the exception of a short and partial interlude in the Second 
World War, the United States fell deeper and deeper into the 
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hands of reaction and obscurantism, with many Fascist char¬ 
acteristics, but still much better covered by hypocrisy than 
Hitler had ever managed to do with the Nazi movement. 

Reaction in the “ have not ” countries 

Such movements in the “have not” countries had started 
earlier, because there, in Italy after the slump of 1921, in 
Germany after the great slump, the attitude of the people made 
it impossible for capitalism to remain in j)ower by dt niocratic 
means. The only alternative, snatched at eagerly by the big 
capitalists, was the seizure of power by their reliable supporters. 
This was elTected, through officially connived at violence in 
Italy or with constitutional forms in Germany, l)y gangs of 
malcontents exploiting miiss misery and the frustrations of 
the lower middle class, financed by the directors of the big 
trusts. It is an important development only negativi’ly, because 
it marks an open abandonment of the liberal forms with wliich 
the more prosperous capitalism of the past had covered its 
rule. The ideology of Fascism and Nazism was little more than 
a compound of race hatred and glorification of war, playing 
on e\'cry ancient prejudice and making the minimum of de¬ 
mands on thought.*’-’*'^^’' Though the actual power of Nazism 
and Fascism was destroyed, except in Spain, by the last war, 
Fascist ideas have retained a strong hold, and have spread far 
wider than the confines of Germany and Italy. In one form 
or another they still remain the last rc’sort of the supporters of 
capitalism, the one way that they can hope to hold off, if only 
for a time, the challenge of socialism. 

Social Deniocracy and Labour 

Only in the scrni-successful countries, particularly in Britain, 
still the greatest imperialist power, and to a lesser degree in 
Belgium and Holland and the Scandinavian countries, was it 
possible to cushion the shock of economic disaster, at least for 
the middle class and skilled workers, by the use of profits drawn 
directly or indirectly from colonial exploitation, and tlius to 
allow the development of liberalism into a variety of socialism 
considerably milder than that which the Fabians had pro¬ 
posed (p. 759). The force behind that development was the 
pressure of working-class militancy. This was already evident 
in the unrest of the years immediately before the First World 
War, and had later been encouraged by the example of the 
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Russian Revolution. It took the combined efforts of out-and- 
out reaction and the restraining hand of social democratic leaders 
to keep it down in the troubled days after the First World War. 

In Britain, where the working class was most strongly 
organized in trade unions, the drive to achieve a society with 
fair shares for all lasted longer than elsewhere. It was ch(xked 
but not stopped by the betrayal of the General Strike in 1926, 
and has survived the failures of four Labour Governments. 
Nevertheless, the expc^rience of thc^ last forty years has in 
Britain, and to a far greater extent in France, which in this 
respect was more in the position of a “ have notcountry, led 
to a gradual loss of faith in libcTal progress, tliat is, in any social 
jirogress com])atible with the retention of a })rofit-making 
economy. It seemed indeed to many middle-class people 
that there was no longer any b(‘lt(‘r future to look forward to. 
'Lhe most that they could hoj)e for was the preservation for 
some time longer of just tolerable conditions. As they identi¬ 
fied this with the preservation of capitalism, sucli people were 
forced by the march of'events to become conservative. 

Colonial aspiration and revolt 

'Fliere remains to be considered tlie development of social 
ideas among the three-quarters of the world’s population—the 
hundreds of millions of Asia, Africa, and Latin America- -who 
lived through most of this period under colonial or semi¬ 
colonial regimes. For the first time in modern history these 
peoples were beginning to make an important contribution to 
world culture and politics. Everywhere they were in revolt or 
near it. The revolts were at first easily suppressed, but later 
in one country after another— India, Buima, Indonesia, Indo- 
Ghina—some measure of national independence was achieved. 
It was natural that the liberal and nationalist ideas of the 
nineteenth century should at the outset prevail among the 
colonialized pec^ples and those of Ghina, which tliough never 
a colony had been for a century at the mercy of foreign im¬ 
perial powers. The movement was at first limited to the middle 
classes. But as time went on, and especially during and 
after the Second World War, the whole people, peasants and 
workers alike, became more involved in it, and demands for 
economic planning and internal social justice became more 
insistent. 

In these backward countries, rather than in the disillusioned 
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and decadent capitalist world, there was a lively hope of better 
things, if only because for most of the people nothing could be 
worse than the present. Here also the example of the Soviet 
peoples, especially those of the Asian republics, and more recently 
of China, has been most keenly felt. For many of these, from a 
material level equal to or lower than that in colonial countries, 
have built up by their own efforts an advanced mechanical 
civilization without losing their national culture. 

On the other side, and particularly since the Second World 
War, colonial repression has grown in ferocity as its scope has 
diminished and its right is more confidently and effectively 
challenged. In Indo-China a European Power for eight years 
Ibught a ruinous and unsuccessful colonial war, which the US 
Government tried hard to turn into another World War. In 
the Philippines, Malaya, and Kenya military forces, despite all 
ancient and modern techniques of repression—mass deporta¬ 
tions, prison camps, calculated brutality, informers, parachut¬ 
ists, helicopters, and bacterial sprays - have failed to stamp out 
the .sparks of revolt. In South Africa the power of racial 
oppression, expressed more brutally than ever before, is failing 
in the face of economic and moral resistance, which is welding 
together for the first time disenfranchised Asians and Africans. 
In Latin America the regimes set up and supported by dollar 
diplomacy are most insecure, and the demand for real economic 
and political independence is becoming harder to suppress, 
though no effort is spared to do so, as Guatemala shows. 

There can be no doubt that a great upsurge of the oppressed 
and despised peoples of the world is well under way. Already 
China, after thirty years of struggle, has established a vigorous 
new State at last, free from imperialist control (p. 852). As 
the movement of colonial independence extends its successes 
we may expect to have a notable and new contribution to 
the social sciences. This corrective is badly needed, for they 
have been imbued for many centuries with the mentality of 
slave-owning master races. 

i^A—GENERAL CHARACTER OF SOCIAL THOUGHT 
IN THE TWENTIETH CENTURY 

Despite the varieties of influence in the different countries 
and during the different phases of economic political develop¬ 
ments since 1917, the whole period has certain elements in 
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common. Everywhere and all the time there is a more and 
more open struggle between the insurgent lower classes and 
suppressed nationalities on the one* hand, and the ruling class 
of the large industrial capitalist countries on the other. Every¬ 
where the success of the people themselves in ending the rule 
of the rich, first in Russia, then in China and other countries, 
has remained as an undeniable historic fact, raising the hopes 
and giving greater confidence to the peoples of all the rest of 
tlu^ world. 

If, however, we turn from popular feeling to tlu! expressed 
views of intellectuals, and particularly of social scientists in 
the capitalist world, the picture is not so simple. I'hcy have 
lived throughout the* whole of the period, and especially through 
its present Cold War phase, under considerable pressure, 
direct and indirect, to reject the whole picture of popular 
liberation, to resist all moves that might lead to communism, 
and to rally to the defence of capitalism unchu' the more 
attractive guise of the “ free world,” “ democracy,” or “ West¬ 
ern Christian civilization.” I'hey are not under any obligation 
to believe in these things, but almost everything in their en¬ 
vironment-books, films, broadcasts— urges them in this direc¬ 
tion, and it is far more comfortable for them spiritually and 
materially if they can bring themselves to accept the prevailing 
values. 

Every intellectual naturally wants to be able to carry on 
with his chosen work, to be able to publish it freely, and to 
receive some credit Ibr wdiat he has done. Finally, or first of 
all, he needs to live. A steady safe job, radio contracts, good 
royalties or him rights, pleasant trips to foreign countries, are, 
if not absolute necessities, the essentials of a good life. If one 
has naturally from upbringing and education the opinions that 
make all these things easy to get, so much the better, but even 
if not it is most tempting to assume them. With all the re¬ 
sources and rcw^ai ds of publicity in the hands of government 
or big business, to stand out against them is frustrating to the 
last degree, even if there are not yet in all countries positive 
sanctions in the form of smears and committee hearings which 
in the United States effectively ruin the career of anyone 
wandering from the path of loyal Americanism. 

1 he knowledge that these are the alternatives presents an 
agonizing choice which few are prepared to face; for know¬ 
ingly to choose ease and honour at the price of integrity would 
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be unbearable and would poison all enjoyment. It is far 
better to evade the choice altogether and convince oneself, 
which is not very difficult, that the easy path is also the right 
one. To take it with a good conscience it is necessary only 
to use everything that can be found—and there is plenty 
offered—to discredit communism and anything that might 
conceivably lead to it. Then the evils of the present system 
can even be admitted, but also accepted, as the alternative 
is so much worse. It is for such reasons that, though the 
twentieth century has been fundamentally one of popular 
progress, the atmosphere of social thought in the intellectual 
circles of the “ free ” world has tended more and more to 
obscurantism and reaction. 

Illusion, hypocrisy, brutality, despair 

It has veered between the extremes of illusion and hypocrisy 
on one side, and brutality and despair on the other. Even the 
limited degree of consistency achieved by the free enterprise 
liberalism of the nineteenth century could no longer be 
achieved as the twentieth century advanced. Underlying 
this failure lay a basic contradiction. Either the indefinite 
continuation of the capitalist system had to be justified on 
rational and ethical grounds, according to the liberal tradition 
in which it had been formed, or it had to be maintained by 
force using mythical or religious sanctions, which effectively 
denied the very values which had made it work. When¬ 
ever conditions became really hard it was difficult to 
justify capitalism in the face of common experience of its 
failure, and the knowledge of the existence of an alternative 
to it in socialism. At this point it was necessary to resort to 
force and fraud, but doing so undermined the whole moral 
base for capitalism. The use of undisguised brutal and 
cynical force was the Fascist solution. Its ultimate fiuliire 
showed that plausible deception offered much better protection 
to capitalism, especially as it could be operated through the 
whole new machine of a popular Press, cinema, broadcasting, 
and television, always firmly in the grip of big business or its 
representatives. 

The reign of illusion 

The mechanism of democracy has under capitalism served 
well enough to maintain the rule of an almost hereditary minor- 
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ity, either in the gentlemanly English way, or in the more 
frankly corrupt and crooked ways of American or French 
politics. ‘‘ Democracy/’ as Bagehot defined it in his book on 
the English Constitution, “ is the way to give the people the great¬ 
est illusion of power while allowing them the smallest amount 
in reality.”®*^^^ In the United States the coincidence of high 
wages and the carefully preserved political backwardness of 
the workers, togetlier witli a corrupt and progressive-proof 
representational system, enabled for many years an illusory 
version of the liberal, freoenterprise philosophy to flourish. 
Even there it has had to be reinforced by an anti-communist 
and loyalty campaign that aims at branding any opposition 
to the indefinite rule of capitalism as treason. 

The Welfare State 

In Britain, however, the working class, the first to be created 
in the modern world, were more politically experienced, and 
already by the ’thirties had lost most of the advantages that 
had accrued from having belonged to the workshop of the 
world. They could no longer be held by the illusion of 
liberalism, but their aspirations were met for a time by the 
ideal of evolutionary socialism or the Wellare State, which, 
though more subtle, w^as to prove, in the era of the Cold War, 
as much of an illusion. The mass of the people could continue 
to believe that they were on the way to a new world of peace 
and social justice, while their betters in positions of authority 
and influence had arranged that things should go on as they 
were, and could explain the lack of progress by stressing the 
need for consolidation and caution so as not to compromise 
what had already been won. The ideology of reformist 
social democracy, pai ticularly in its British “ Labour ” form 
of a blend of Fabianism with Right-wing trade unionism (p. 
769), did not in any case demand any basic criticism of the 
capitalist order, and emphatically repudiated the idea of any 
drastic change which might be called revolutionary. It was 
more comfortable to believe, or at least to pretend to believe, 
that the Welfare State had already arrived, or, if not quite, 
that it would come in due time given patience or restraint on 
the part of the “ under-privileged.” 

The idea of the Welfare State in which the basic necessities 
of life are secured to all, the health of the people is protected, 
and there are full opportunities for education, has been the 
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aspiration of generations of working men and women. It was 
largely to achieve it that they voted the Labour Party into 
office in 1945. It was an objective worth fighting for, as is well 
shown by the persistence with which it has been attacked by 
reactionaries. The reality has, however, proved very different 
from the ideal. As far as Britain is concerned, the benevolent 
State watching over and supporting all its sons and daughters 
from the cradle to the grave is a myth. The total of social 
sei'vices, provided by government funds, amount to 10 percent 
of the National Income, about £2^ per head per year, which 
is only three quarters of its armament expenditure. For the 
benefits they get the workers themselves pay out in contribu¬ 
tions another ;,{^io a year and for the rest the money has been 
largely provided by them in indirect taxation. I’he quality 
of the services, the overcrowded schools, the non-existent health 
centres, the niggardly treatment of the pensioners, are what 
might be expected from an embarrassed charity organization 
rather than from a sovereign people dividing its wealth equitably 
among its citizens. Even the great architect of the \Velfare 
State, Lord Beveridge, was constrained to say in the House of 
Lords in May 1953 : 

Every year since 1948 benefits have been becoming less 
and less adequate, because as the benefits remained fixed 
the cost of living has gone up and up and is still going up 
and up and up. The other side of it is that iS'ational 
Assistance, which the experts and I thought would have to 
continue on a small scale and would gradually diminish, 
is increasing year by year. Today there are at least twice 
as many people, nearly two million people, in receipt of 
National Assistance, subject to a Means Test, more than 
there were three or four years ago. 

Social security is not being provided as of right and by 
virtue of contributions by insurance, but by a National 
Assistance Board, which, before it helps a person, satisfies 
itself that you are poor and in need of poor relief . . . 

The Government will be faced with this cilternative: 
Is the Government next year going to raise all benefits to 
adequacy for subsistence or is it going to say in 1954: 
“ Formally we abandon security against want without a 
means test. We drop the Beveridge Report and the policy 

of i946.”«-i27 

On the productive side the socialism of the Welfare State has 
been diluted beyond recognition. The industries that have 
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been nationalized arc those that had already ceased to pay. 
They are run in such a way as to provide raw materials and 
services at the cheapest rate as an effective subsidy for the 
profitable parts of industry, which remain firmly in private 
hands,®*^®^"' The management of nationalized industry, despite 
all the past discussion about workers’ control, is still firmly in 
the hands of the old directing class. It is not surprising that 
the enthusiasm that greeted the Welfare State had in six years 
evaporated sufficiently to allow the return of a Conservative 
Government, who are wise enough to preserve the machinery 
as an admirable instrument for keeping up the illusion of 
economic democracy. 

The illusion, however, lies not in the possibility of a genuine 
Welfare State but in the belief that it can be won in the face of 
capitalist opposition without a far more energetic fight than 
has yet been put up for it by the Labour Party. For in spite 
of the shortcomings of what has so far been achieved, the ideal 
of the Welfare State and the sense of power that the people 
get from it re])iesent ultimately an irresistible political force. 
Once the j>eople become enlightened through their own 
struggles and see what needs to be done they will be able to 
turn the illusion into reality. Economic democracy requires 
tliat the elected government controls all basic industries and 
services and that the privileged position of the present moneyed 
classes is definitely ended. Only then will it be possible for 
the whole of the material and human resources of the country 
to be used in the interests of the people. 

Hypocrisy 

It is difficult to draw the line between honestly held illusions, 
which served to reconcile people to capitalism by making them 
feel that it could be improved or had already been improved 
out of all recognition, as might be inferred from the programme 
of the Labour Party or the New Fabian Essays,^^-^®^^ and down¬ 
right hypocrisy designed to cover up its evils under high-sound¬ 
ing phrases. One of the most effective ways of distracting 
attention from the hardships and anxieties of the present is to 
show them as lesser evils as compared with an alternative regime 
that would make everything much worse. For this anti¬ 
communism has served for many years, but never more effect¬ 
ively than in the early years of the Cold War. 

Between 1917 and 1947 a complete change had come in the 
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Stock-in-trade of phrases used in every organ of publicity to 
attack communism or justify capitalism. At first it was in 
the name of defence of property, order, and tradition that 
right-thinking men were urged to defend themselves against 
red revolution, anarchy, and violence; by now it is in defence 
of liberty and free institutions that the same papers demand the 
breaking-up of totalitarianism, the police State, and red 
imperialism. As a tribute of vice to virtue, this hypocritical 
switch-over indicates the enormous growth of popular strength 
and the abandonment of the old reactionary positions. People 
wlio never opposed and often helped the Nazis have made a 
most clever use of the contempt and hate in which they came 
to be ht‘ld. Tlu'ir sins have been transferred in totality on to 
the government and people that were their only resolute and 
elTective oj^ponenis. 

The Cold War showed this hypocrisy carried to the limits 
when the American forces with their Atlantic allies, all the 
way from Britain to Turk(‘y, went to battle thousands of miles 
from their own country to resist the alleged aggression of the 
North against (he South Koreans. It exceeds all bounds when 
American politicians declare that the Republic of China can 
never become a member of the United Nations because it 
maintains troops in forc'ign countries. 

These are mere examples, however, of the underlying basic 
hypocrisy of our time, in which the wealthy and j^rivileged, 
witliout suirendering a jot of their advantage's, pose, and largely 
])Ose successfully, as the true friends and supporters of the aspira¬ 
tions of the very people on whose exploitation they have grown 
fat. It is not surprising that in political affairs worcls like 
democracy, security, defence, and peace have all but lost thi'ir 
meaning. It was in the First Great War itself that this practice 
of deception first reached massive proportions, (gentlemen 
who Avere making good profits and who held the people in con¬ 
tempt publicized it as a war to end war and to make the world 
safe for democracy. As these fine phrases were soon found to 
be empty, a general cynicism took the place of wartime 
idealism and opened the way to Fascism. 

The reign of brutality 

After the First World War, it gradually became evident that 
there was no prospect of the attainment of prosperity for all 
under capitalism, but only enough for a privileged few. This 
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realization came first in the less successful or defeated capitalist 
countries, then in the others, and^ with the onset of the great 
slump^ even in the United States. As this was recognized, 
more and more people, especially middle class or would-be 
middle class, began to listen to the violent, ignorant, and un¬ 
balanced men who had been claiming that one race or culture 
had the right to dominate the world by force. We have been 
led to associate this ideology, with its open contempt for reason, 
morality, justice, or democracy, first with Italian Fascism, then 
with German Nazism, the political products of the first and 
second world slumps. It is in fact much more pervasive as a 
symptom of the consciousness of the decay of capitalism, and 
shows itself in many ways, of which anti-Semitism and the 
colour bar are only the most obvious/‘-^“'^”^ 

Brutality and exploitation had always gone with ca]}italism, 
but they us(‘d to l)e conceah'd behind a facade of liberal 
democracy. Their oi)en emergence was a sign that the capital¬ 
ists felt tliat liberalism and democracy were luxuries that it 
was no longer jxissible to aflbrd. The real backers of Fascism 
and Nazism, the big bankers and industrialists of Italy and 
Germany, were no difl'erent from their colleagues in America, 
Britain, and France, and co-operated closely with them up to 
and even after 1939, when they still hoped to use the Nazi 
forces against the Soviet lJnion.®‘^"^'*' They are now boasting 
that tliroughout the War tlu^y never abandoned this hop(\ but 
had to keep it in cold storage for the day when they could 
again unite with the same Germans in dcTcncc of Western 
Givilization. 

Events showed, how(‘ver, that brutality in its crudest Nazi 
form did not, in fact, provide the solution. Instead it aroused 
such world-wide popular opposition that when the Nazi State 
was smashed in the Second World War, after immense sacri¬ 
fices, by the power of the Soviet Union, there was a danger that 
its fall might endanger the capitalist system itself, at least in 
Europe. In Asia the defeat of Japanese imperialism actually 
had that ellect in almost every country it had occupied. 

The doctrine of peace through strength 

Nevertheless, the conditions that led to Nazi brutality still 
exist, and in a different form it is still vigorously in action. 
Under a covering of hypocrisy, and with the help of an im¬ 
mense propaganda machine, the old idea of salvation through 
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force has been revived. The real objective remains unchanged. 
It is still that of restoring the world control of big business 
through the use of an overwhelming military force, equipped 
by the immense technical capacity of the United States. It 
is for this end that the latest scientific techniques- bacterial 
warfare, atom and hydrogen bombs—are being frantically 
developed. The idea is the same: domination through de¬ 
struction, whether it is done in the name of a Master Race or 
Western Civilization, “ Democracy,” and a “ Free World.” 
That this is no idle threat is shown by the heartless, cruel, and 
futile destruction of the people of Korea under guise of resistance 
to aggression. 

The policy of brutality relies for the most part on simple 
appeals to aggressivxmess, self-interest, or fear. It has little 
new to offer to social thinking. Indeed it is essentially an 
anti-intellectual, know-nothing movement, rapidly becoming 
subliterate, drawing its inspiration from comics, the cinema 
and commercial television, with their glorification of brutality, 
sadism, and scientific slaughter. For justification it relies on 
traditions and on a sentimental and obscurantist religion. 
Here the more reactionary elements of the Catholic Church 
have raised the doctrine of anti-Communism to the status of a 
new crusade, in which anything is permissible to d(‘Stroy the 
influence of the Evil One. 

On the scientific side the stock ideas of Fascism, race and 
anti-Semitism, were found to survive the defeat of Hitler. 
Though discredited in their crude form, they have taken new 
life in the doctrines of neo-Malthusianism, already discussed 
(p. 680). This idea of an overcrowded planet is taken to 
justify the doctrine that the backward peoples, who by their 
very existence threaten the more fortunate heirs of Western 
Civilization, must be checked, allowed to die of disease, or at 
least prevented from breeding.®-^^**^ A derisory variant of this 
is the Eisenhower doctrine of letting Asians fight Asians. 

The philosophy of despair 

There were many, particularly among the intellectuals in 
capitalist countries, who were too clear-headed to accept the 
illusions of liberalism and social democracy and were too 
humane to fall in with the doctrines of brutality and destruc¬ 
tion. Under the impact of the tragic events of the century 
some of these, a small minority in some countries, an important 
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one in otlicrs, broke altogether with the system in which they 
saw no hope, and joined in the struggle against it. For those 
who had neither the desire nor the courage to do this, all that 
was left was to retire from the world of action and to adopt 
attitudes of cynical or melancholy despair, as had their pre¬ 
decessors at the time of the fall of the Roman Empire. This 
tendency to escape l)ccamc especially marked in and after the 
Second World War. Its simplest form was that of absorption 
in scientific or artistic work, with a more and more deliberate 
ignoring ol political events and avoidance of political action. 
In the more extreme cases it has led to the abandonment of the 
whole intellectual advance of the Renaissance with its emphasis 
on unlimited horizons for humanity, and a return to medieval 
or oriental mysticism (p. 221), sometimes to incongruous 
mixtunvs ol'both.^**‘^ For those who prefer modern mystifica¬ 
tion there is Existnilialism^ born of guilt, nurtured in ajixicty, 
and leading only to despair. 

Western Christian Civilization 

Of all the reactionary conceptions that have flourished since 
the Second World V\\ir the idea of Western Christian Civiliza¬ 
tion is the most ingenious, plausible, and dangerous. Like 
the Holy Alliance of 1815, of which it is the modern counter¬ 
part, but unlike the crude anti-Comintern Axis, which had 
exactly the same ends, it combines an appeal to respectability, 
religion, and tradition. It has also, with the Western label, 
an implication of modernity and superiority over Asiatics and 
other lesser breeds. Though its sponsors find it politically 
unwise to identify it too closely with Rome, there is no question 
that its most solid support is in the Catholic Church. 

As an historical or social concept it does not bear examina¬ 
tion. Despite the efforts of world historians, like Toynbee 
and Sj^englcr,^‘-^’2 with their mythical cycles, the real equation 
of Western Christian Civilization with monopoly capitalism, 
and particularly with Wall Street, cannot be seriously disputed. 
Certainly those intellectuals who take part in this great 
enterprise know well enough who is paying the piper. Yet 
as a rallying point for a crusade against communism the 
flag of Western Christian Civilization still has its advantages. 
It can be made to cover the most unsavoury allies, from Franco 
to Rhee. For such a noble cause, who would worry about the 
use of such necessary and just means as hydrogen bombs, 
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napalm, and bacterial warftirc, against such dangerous aggressors 
as the Koreans and Chinese? These weapons are, of course, 
being developed for defence only, though as F. P. Matthews, 
former Secretary of the US Navy, remarked, “We may be 
the first country to be obliged to open an aggressive war in 
defence of peace.” The idea of crusade fits in well with the 
overriding fear of, or wish for, an ine\itable 'Fhird World 
War. The idea of a bloody and funy apocalypse is never far 
away. Of course the walls of Jericho may fall down at the 
blast of the trumpet a la Dulles, or under a bombardment of 
food parcels; but if they do not the end is at hand otherwise, 
what could justify rearmament? 

From this one overwhelming example we can see that the 
tendencies of illusion, hypocrisy, brutality, and desj)air are 
not distinct. One* merges imperceptibly into another, and all 
are symptoms, more or less consciously recogni/.cd, of the 
failure to react positi^rdy and constructively to tlie social 
transformation of our time. They all stem from an instinctive, 
but by no means disintere-sted, attachment to the advantages 
that class society can give to those willing and able to profit 
by it. They all imply a basic contempt for the common people, 
or at best a lack of faith in their capacity to build a new life 
by their own clforts. 

The Socialist Alternative 

The sketch given in the preceding paragraphs is aimed at 
providing the relevant background against which the social 
sciences in the capitalist world have developed in the last forty 
years. The stress of general events and the strains they hcive 
exerted on the individuals and institutions go a long way to 
explain why the social sciences, far from moving towards some' 
new synthesis, present many confused, incoherent, and often 
retrogressiv(! icu d c ricies. 

In the other, the socialist sector of the world, an evolution 
of a very different kind is taking place. First in the Soviet 
Union, later in the Peoples’ Democracies and China, new 
societies are being created, and in the process are discovering 
the laws that rule the complexities of social and economic 
relations. Marx was mainly concerned with the analysis of 
social change, particularly that from capitalism to socialism 
(p- 739 )- Deliberately he said no more about any future 
socialist State than to define its main points of difference from 
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the Slate of capitalism. He left, as he consistently had to 
leave, the new society to determine its own forms and to work 
out its own social theory. As will he seen, this was no easy 
task, and involved sc'vere struggles both against intractable 
objective diniculties and the heritcvgc of capitalist ideology. 
Furthermore, the great transformations in the economy 
of the S()viet Union and the impact of foreign intervention 
had prolcHind n*])('rcussions in social theory. M'hroughout, 
howcv(‘r, social sciences there have retained their Marxist 
cliaractiaistics of a close union of theory and practice. It is 
no csc:)teri(' study, but one in which the people lliernsc'lvcs, 
through the organization of tlieir daily work, sliare in the 
understanding and in the working out of their own destinies. 
Idle object of the social science's is no longer merely to describe 
societies, but to gain an undc'istanding ol' the laws of their 
working in order to change them. 'I’he mental atmosphere 
in the socialist world is accordingly the very antithc^sis of that 
undc'r capitalism. It is rational, positive, optimistic, and 
peaceful. 

13,2- 7 ///s SOCIAL SCIENCES IN THE CAPITALIST 

WORLD 

Any ci'itical study of thc' present state of the social sciences 
woiilci show very clearly how progressively disintegrating have 
been the effects of the intellectual and social atmosphere of 
capitalism. I’here has been, it is true, a great increase of 
interest in the social sciences, and money, little enough com¬ 
pared with that spent on the natural sciences but on a scale 
hitherto unheard of, has been spent on furthering them. 
Hundreds of serious and, for the most part, sincere and well- 
meaning workers have been engaged in social research. 
Nevertheless, in spite of a vast volume of detailed studies and 
surveys, no radically new theory has emerged. What lias 
occurred in the last fifty or more years, especially in tlie last 
twenty, is that a new twist has been given to old theories to 
help them to explain or rather to explain away the failure of 
capitalism to live up to its old promises. 

Maynard Keynes sought to prove that economic crises were 
due purely to financial maladjustments, technical hitches in 
the beautifully balanced machine of capitalism. He explained 
that all that was necessary to cure crises was government control 
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of investment policy and the freezing or reduction of real wages, 
which would secure full employment without any change in 
a profit-making economy. Freud and the psycho-analysts 
explained that the drift tow^ards war was due to inherent 
unresolved aggressive instincts. Political action w\as us(‘less or 
harmful until these had been made harmless by analysis, and 
as this patently could never be done w'(' had to put up wdth 
things as well as w^e could. Positivists demonstrated on the 
other hand that all oui' social troubles w'ere due to the misuse 
of language. If all politicians could only be con\anced that 
what llu'y were saying was intrinsic nonsense they would hand 
o\'er to semantically trained social scie ntists. 

These' \'iew\s, which are by no means exaggerated from tlie* 
originals, show’ to what a pitch of intellectual bankrii|)tcy the 
social scientists had been reduced ewen be'fore the* Second World 
War. It is not surprising that tht‘ir theories were impotent 
as bases for ('ITective action in the a flairs of the world. 'They 
had, how-cver, oilier uses: thos(' of'pixniding an iiite'lh'clual 
camouflage for e'apitalisrn and the rru'ans foi’ making it run 
more smootlily. Though tlie la.st forty years’ work has pro¬ 
duced no great theoretical advance it has witness(‘d an enormous 
gixwvlh in the techniciues of the social scienci's, especially in th(' 
greater us(' of statistics in the methods of cjiu'Stionnain' and 
survey and in thc' analytic methods of operational research. 
41 iesc technicpics have been ch'veloped and used because’ they 
pay, or at least can be sold. In the last ten years there has grown 
up a flourishing and more' or less horu'St application of social 
sciences to the running of capitalist business, from labour rela¬ 
tions to advertisenn iit. They receiced an ('normous impetus 
from the Second World War, in which all the social sciences 
were made use of to much greater effect than ever before. 
This w'as partly because in the War tlu' pursuit of a common 
effort mitigated the chaos of private interests, but even more 
because’ so many of those participating in the war effort felt 
themselves for the first time taking conscious st('ps towards a 
better and mor(’ reasonable world. 

In the ensuing pages will be found a biT'f account of the 
development of different branches of social science, notably 
in economics, political science, .sociology, education, and lastly 
in the most ideological fields of all, in psychology, philosophy, 
and theology. Nothing further is said here on the historical 
sciences, which have been treated in the previous chapter. 
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The Keynesian revolution in economics 

I he most characteristic of recent modifications in the 
social sciences has been that effected by Maynard Keynes in 
economics/^-Its importance has been exaggerated both by 
the supporters of the older school of economics, who con- 
sid(T that he has thrown aw'ay the whole! case of unfettered 
private enterprise', and l)y Labour leaders, who hail him as 
justifying Welfare Slate socialism. Actually he made the 
minimum alteratifin to the marginal economic theory (p. 750) 
which would give it any chance f>f corresponding to reality 
in the we)rld of monopoly capitalism. What he senight to 
prove was that the capitalist system does not necessarily, by 
itself, lead to a eondition e^>f full employment. This idea, 
however liorrifying to a classical economist, must have seemed 
sornewliat of an understeJeuKait to tlu* millions of un¬ 
employed. 

I'lie solution he j^roposed in The Theory of Employment, 
Interest, and Money w:is far from that of abolisliing the capitalist 
system, to whit h he was deeply attached. It was rather a 
question of mitigating its effects by State action on investment, 
togeth(‘r with a manipulation of ])rices aimed at keeping down 
real wages. In this he. recognized, somewhat belatedly, that 
since the First World War, as Lenin pointed out, “ monopoly 
capitalism had passed into State monopoly capitalism.” The 
line between State and monopoly interest had become very 
dillicult to define. In lime of war the connection was openly 
admitted; government controls operated through the agents 
of the monopolies. When, in response to working-class agita¬ 
tions, certain industries and scr\ices had to be nationalized, 
they were restricted to practically bankrupt ones, and their 
management was left substantially in the same hands as before. 
In the United States the rule of the monopolists is brazenly 
Haunted. Eisenhower’s Cabinet consisted of “ ten millionaires 
and a plumber- only the plumber quit.” 

Of Keynes’ remedies for slumps, that of useful investment in 
long-term capital projects was never in fact employed. Nor is it 
likely to be, for it demands greater government expenditure 
just at the time when every moneyed interest is howling for 
economy. What halted the first depression was the movement 
to rearmament, which Hitler began, and today full employ¬ 
ment is being maintained by the same means. This is the 
only means by which capitalism can restrain, for a time and 
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at terrible human cost, its tendency to produce nioie than can 
be consumed by an impoverished population. 

The other Keynesian remedy, the policy of wage freezing, 
was anything but academic. As operatt'd in the War it con¬ 
sisted of holding wages down while adjusting the prices (T 
basic foods—the iron ration—by subsidies which cost for less 
than would have wage increases proportional to the rise in tlie 
real cost of living. Later it was operated loyally by a Labour 
Government in Ih'itain—to its own destruction- fully supported 
by some trade union chiefs who appanaitly believed that their 
future was inscparaldy involved with the maintenance of 
capitalism. 

The value of Keynes' work to tlu' rulers of Ihilain and 
America lies in the fact that it seems to supply a scientific and 
impartial economic analysis, neatly reconciling the inlc'K'Sts 
of employers and labour in a period of capitalist decay, wlu n 
the exercise of unfettered competition (ould only provoke 
revolution. The success of the theory Avitli the l>i-])artisan 
leaders of Western Democracy is an excellent example of the 
use of a social science as a cloak for (lass domination. As 
Lenin said : ‘‘ To expect science to lx* impartial in a wage- 
slave society is as silly and naive as to expec t impartiality from 
manufacturers on the* (piestion whetlu'r workers’ ^vag(.^s should 
be increased by decreasing the profits of capital. 

The new economics of” harmonization and rc'Straint ac ts in 
a very one-sid(*d way, fettering trade union activity whih* 
giving emjdoycrs full liberty. 'Ihc form that it has taken in 
recent years is the productivity drive, which has attractive 
plausibility.*'*-^^^ It implic's that the amount of production is 
determined solely by the wc^rkers’ willingness to accept more 
strenuous working methods or to work longer hours, whereas 
it is much more dependent given the fact that the employer 
controls the conditions—on the capital available, and ultimately 
on financial considerations. The greater productixity of 
American workers is admittedly due almost entir(*ly to the better 
cciuipmcnt they use.^**^-^'‘ Yet an English manufocturer using 
equipment which is obsolete, but whicli has paid for itself over 
and over again, still contrives to make a good profit. Effectively 
social science is here being used largely through the medium of 
trade union leaders to persuade the workers that their interests 
are best scrvc'd by complete subservience to their employers 
(p. 809). 
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It is to this unconditional acceptance of monopoly control 
that the economies of the United States and of Marshallized 
and Schumanized Europe are rapidly being driven, and which 
only the resistance of the rank-and-file workers can prevent. 
Such a system, like all others of class collaboration, offers no 
solution to the intrinsic difficulty of capitalism; it merely 
S(Tves to orient it more definitely to war. 

Political science 

Before* 1914 political science travelled more or less comfort¬ 
ably along th(* lines prescribed by liberal progress. Outside 
tlie Marxist camp it was assumed that the ideal, which would 
sooner or later be reached all over the world, was one of parlia¬ 
mentary democracy, guarante(‘ing property and leaving the field 
free for privat<' enterprise. The events of the succeeding years 
show('d tliis to I)c an empty dream; parliamentary democracy 
did not spH'ad, indeed it lost ground everywhere. Even when 
the interventionary \A'iu\s and the cordon sanitairc checked the 
si)read of Bolshevism, the* n'sult was not more democracy, but 
the (‘stablishment of near-Fascist or Fascist dictatorships. 

Ev en in the old cc nti es of democracy, the political actions of 
parliaments began to be dominated by economic interests. 
'Fhe Stale could no longer keep the ring of the economic 
|ndze-fighl; it liad to int(‘rvene actively to direct or control the 
internal and external economy of the country. In the arch¬ 
individualist United Slates itself the impact of the slump forced 
the acceptance of the New Deal. I’his Vvas essentially an 
admission of government responsibility for the welfare of the 
citizens, who could no longer be c'xpected to cope for themselves 
in th(‘ face of economic changes of world-wide range. 

It might hav<' been expected that these great changes, the 
increasing integration ol'State and private concerns, the merg¬ 
ing of political and economic man, would have led to a rapid 
growth of political science ;ind the formulation of wholly new 
principles, d'his, however, did not occur. Such changes of 
views as took place were reactionary, eclioing a religious or 
Fascist authoritarianism. 

A notable example of this kind of political thought has been 
the thesis of the Managerial Revolution^ put forward by James 
Burnham in 1941 His subsequent work included a gleeful 

anticipation of the crushing of the Soviet Union by Hitler, and 
as that failed, a desperate advocacy of American supremacy by 
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military force and instigated rebellions.‘**^‘^^^ His tliesis is that 
there is no question of a transition from capitalism to socialism, 
but to a managerial society^ where elfective control has been 
peacefully and imperceptibly usurped by a new managerial 
class composed of foremen, managers, and technicians, w-ho, 
thanks to the growth of modern scientific industry, have be¬ 
come indispensable to the modern Stale. World history does 
not, according to Burnham, lead to revolution, but to wars for 
supremacy between giant managerial States. I'hese, after the 
defeat of his fa\ourite Germany, have liecii reduced to the 
US and the USSR, of which tlie N’ictory of the first is as¬ 
sured by its economic and technical superiority. Here a 
pseudo-scientific veneer has been thrown over the naked 
geopolitik of the German militarists. I’he managerial idea has 
been most rapturously received in the Press of the great mono¬ 
polists whose suj)ersession it announces. T hey art' wcdl con¬ 
tent to let people believe that their rulers are the salaried staff 
who work obediently for the monopolists, and are occasionally 
elevated by blocks of sliares or seats on directors’ boards to a 
minor position in the hierarchy of w'calth. It has also obtained 
considerable support among tln^ Labour and social democratic 
intelligentsia, who ar(‘ flattered to find themselv(‘S, without any 
effort on their part, as a new' ruling class. In fact, notlhng has 
changed in th<‘. domination of cajiitalism except a tighter 
control by ilie financial magnates of tlie big corporations, as 
shown in the American witch-hunts, whin e any serious criticism 
of the rule of the wealthy, even dowai to the exploits of Robin 
Hood, is stigmatized as communism. 

Apart from such extravagances as Burnham, and the depressing 
fatalism of Professor I’oynbee’s mortal civilization (pp. 88i f.), 
the official exponents of political science continued, for the 
most part, to reiterate in more and more pained and strident 
tones the commonplaces of the nineteenth century, disregarding 
the fact that they had less and less bearing on the contemporary 
world. No profound re-examinalion or reformulation took 
place because, consciously or unconsciously, it was feared that 
any such examination of the politico-economic system might 
lead to Marxist or near-Marxist conclusions. 

Even when, as in Britain, popular feeling brought the Labour 
Party into power, no socialist theory guided its actions. In¬ 
deed its leaders prided themselves on their adherence to scien¬ 
tific, that is capitalist, political theory, and abided by rules 
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which had been made by their enemies to prevent any signifi¬ 
cant change in the pattern of distribution of wealth and power. 
Indeed the main use they made of political theory was to 
prove that with the reforms they had instituted in their first 
terms of power everything not only possible but also desirable 
had been done. I'hc. ‘‘ silent revolution ” had, they contended, 
in fact succeeded without, however, attracting much attention. 
'I'he ideas of socialism were lifted on to a higher plane. Keir 
Hardie’s definition of socialism as collective ownership of all 
the means of production, distribution, and exchange” was 
declared out of date and replaced by such vague and weak 
aspirations as Mr Herbert Morrison’s: 

Socialism means the assertion of social responsibility 
for matters which arc j)roperly of social concern; 

or Mr John Strachey’s: 

Our socialism is a moral rather than a material faith . . . 
I'he true science of 5 ;ocialism is fellowship and service. 

With such definitions it was not diflicult to show that socialism 
had, for all practical j)ur])oses, already arrived, that education 
already grantc'd equality ol* opportunity, and that as to econo¬ 
mic equality it liad already, in the woi ds of Mr Austen Albu, 
MP for Edmonton, been |)ushed nearly as far as is compatible 
with in(cnti\c.” However, at last, the veteran socialist 
G. D. H. Clol(‘ has been moved to protest and d('inand a 
socialist policy that the people will be willing to figlit for, and 
he is voicing the feeding of a new' genei ation of w^orkers. The 
end is in sight of the era of complacency and timidity that has 
left political scderice as an intellectual backwater instead of its 
becoming, as it should, the agent of social understanding and 
change. 

13.3 - 77 /A^ APPLICATION OF SOCIAL SCIENCE 

Though the more academic aspects of social science, such as 
the theories of economics and politics, have found their main use 
in th(‘ ideological defence of capitalism, the great growth of the 
social sciences, especially since the Second World War, has been 
due to the realization of the cash value that their application 
can bring in actual working of the capitalist system. Social 
scientists had already before the War found employment in 
economic surveys, in market research and advertising, in the 
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promotion of harmonious industrial relations, in urban and 
regional planning, and in education. In order to be able to 
do anything useful, or even to appear to do so, in all these 
fields, something more than the vague generalities of academic 
social science was needed. It is indeed striking how little the 
theory of sociology has advanced since the period of the First 
World War. The early brilliance of Hobhouse, Wallas, or 
Tawney in Britain, or of \'eblen, Weber, and Dewey in 
America has not been followed up. Instead a profuse and 
windy dullness has settled on the subject, as anyone can verify 
for himself by trying to read works published in the last tw enty 
years. Official sociological theories arc so highly formal and 
emptied of any trace of historical development that it is difficult 
to see luw their authors manage to extract from them a justifica¬ 
tion of all the commonplaces of reac tion. A more than usually 
lucid example of the smoothing over of awkward realities in 
what the Americans call gobbledygook is furnislu'd in the monu¬ 
mental \vork The Social System of Talcott Parsons: 

... it may well be that one of the im|)ortant reasons 
why the business class lias faik'd (o consolidate its position 
as a national dite in a sense closcdy approaching that of 
a “ governing class ” is that its primary role has been 
defined in “ self-oriented ” terms, tlius c'xposing it too 
readily to the charge that power would not be exercised 
as “ responsibility but as exploitation. The public 
confidence nec(‘ssary to facilitate a “ therapeutic ” func¬ 
tion may be incompatible with such a definition of the 
role. A deviant movement which opposes the “ profit 
system ” on moral grounds has relatively easy going if 
there is nothing to counteract the profit symbol.^’- 

Most of what passes for social science in the universiti(‘S is a 
mere elaboration of categories, more abstract and wearisome 
than the old faculty psychology or the works of the later 
scholastics. Its value is to set a seal of academic respectability 
on inquiries and activities that otherwise might wear too 
obvious a commercial air. 

Quantilatwe and statistical methods in the social sciences 
There has indeed in recent years appeared and growm 
amazingly a very different kind of sociology, in wdiich measure¬ 
ment and calculation have taken the place of verbal definition 
and generalization, lliis development gained an enormous 
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impetus from the events of the Second World War, though the 
eflccts were not to be as lasting as was originally thought, riic 
war made it possible, for the first time, in such countries as 
Britain and to a lesser extent in the United States, to see some¬ 
thing of what apydied social science would be like. The 
sociologists, who had hitherto occupied themselves with 
academic studies, found themselves in a situation where they 
were called on to do something as the result of* their investiga¬ 
tions and, what is moi e, were given the means both to make the 
investigations and to have the conclusions put into practice, 
'rhey also found themselves working side by side with physicists 
and biologists in the field of military operations and industrial 
production, d he effect of working together was very bene¬ 
ficial to both social and physical scientists, 'fhe physical 
scientists learnt the advantages of the techniques of survey and 
statistical analysis that had been developed by the social scien¬ 
tists. 'fhe latter in turn h'arnt the value of planned experiment 
and mathematical analysis of variation that were th(‘ stock-in- 
trade of biological and physical scientists (pp. 580 

I he most powerful and general of tlie new methods was the 
statistical. Whatever names they go under—social surv^ey, 
opinion polls, social and industrial psychology, market and 
operational r(\scarch tlu'y all consist essentially of a more or 
less statistical analysis of data about thinking, working, or 
living situations extracted by systematic inquiry. 

Statistics had long ])('en used in economics and government 
affairs, but essentially as a means of recording and summarizing 
facts, as in a budget or a po|)ulation census, d'heir new ap¬ 
plication as a research tool for asking and answering general 
questions came in the first place from the biological field, 
largely through Karl Pearson (1857 -1936), himself influenced 
by the eugenics of Gallon and the positivism of Mach. His 
biometrics^ with its practical application to agricultiual crop 
yields, gave rise to sociometrics, which attempted to weigh 
attitudes and opinions, even intelligence itself. Mathematical 
methods of extreme elegance and precision were devised which 
showed how much could or could not be learned from a limited 
series of higlily irregular and unreliable facts. 

Social survey 

As long as these data were material quantities, and were 
honestly gathered and analysed, the results could be of real 
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social \aluc. The tradition of Booth and the Fal)ians of 
“ measurement and publicity ” (p. 759) has been carried 
on with an increased range and penetration into the tvventi(‘tli 
century. One effective jform it has taken has been that of 
social survey, where, by using samples, a cjuantitative picture 
can be gained of the over-all state of a particular area or group. 
In Britain®*the nutrition surveys of the ’thirties, already 
rtFerred to (pp. 609, 624), which linked food consumption with 
income and health, revealed that in the most prosperous 
country of Europe 50 })er cent of the adults and 25 per cent of 
the children were undernourished. Their publication paved 
the way to a popular agitation that forced at least some small 
concessions. With similar studies in housing and education 
the result has been to arm those d(*manding improvcmient with 
factual data on which to base tluar claims, and to |:)rovide a 
cjuantitative yardstick to measure any degree of im})rov(mient 
secured. I have myse lf some exj^erience in factual social sur- 
\'eys. I helped to plan and direct a large-scale survey in two 
British cities during the war, in which tlu* object was to relate 
intensity of air attack wdth production. We measured every¬ 
thing from tlu‘ consumption of beer and aspirins to th(' produc¬ 
tion of machine-gun bullets. It w’as the first and, I believe, 
the only time that the social and ])roductivc data on a modern 
community have been related to each other. We did not find 
the conclusions about the effects of raids that our ta.skmasteis 
desired, so they were obliged to carry on in defiance of th(‘ 
findings; but we did find some most interesting relationships 
between w ork and w ages of which no use w as made at all. 

Especially during the ’thirties the social survey became, not, 
as the Fabians had intended and hoped, a means of persuading 
the ruling classes to extend assistance, but a weapon used by 
the w'orking class in agitating to demand and secure its rights. 
As time went on means were found to put a stop to this, not so 
much by suppressing surveys, but by subtly changing their 
character; the statistical method lived up to its reputation (;f 
“ lies, damn lies, and statistics.” National income figures and 
cost-of-living indices, painstakingly drawn iij), showed results 
that people knew w^ere wrong without being able to prove it. 
Abraham Lincoln’s warning that “ you cannot fool all of the 
people all of the time,” was borne out in the popular distrust of 
official statistics. Social and economic surveys themselves 
began to wear a new look. In the third Rowntree survey of 
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poverty in ^ ork, the statisticians succeeded in virtually abolish¬ 
ing poverty on paper by ingenious devices which eflcctively 
j)ushed tlie standard far lower than it had been in previous 
surveys. 1 his hand, however, has l^een overplayed. The 
pliglit of the aged pensioners and the low real wages of the 
majority of workers are beginning to provide even statistical 
expressioji of real and remediable poverty.^*-!^^^^ 

Opinion pulls 

Manipulabic results of surveys could be obtained even more 
easily where the basis of* all the calculations no longer lay in 
the material world, Init in an ideal one where ev(‘rything was 
subject to o})inion, and where unconscious bias could determine 
the answer despite all the rehmanents of calculation. This 
was j)articularly the case in opinion polls, whose use spread 
from America in the ’thirties. I'hese suffer from the double 
disability that the type of answers depend on the slant given to 
the questions, and that they at best can only providt* informa¬ 
tion about w'liat people I'eel they ought to say, rather than what 
they really think. For the ])ur|X)ses ibr which tlu^y are used 
this is not necessarily a disadvantage. A poll can usually be 
relied on to ])ro\'idt* tlie result the sponsor has ordered. If it 
j)alpab]y docs not it can be played down or suppressed. 
Applied to politics, opinion j)olls are an insidious danger to 
dcnnocracy. An election is an action of the people: they (express 
their will and it is acted on. A sample poll implies no popular 
])ower. It gives the same weight to the thought-out conclusions 
of a man of integrity and influence, as to that of someone who 
merely does not want to be in the “ do not know^ ” class. It 
is merely an indication to the manipulators ol'opinion that it 
may be necessary to change their tune. I’he people have 
ceased to be masters, and have become a docile herd to be 
driven this w ay and that l)y the shouts and lures of publicity. 

Market research and advertising 

I'he greatest use of the method of opinion sampling is in 
so-called market research, where it has replaced, or at least 
supplemented, the opinions and hunches of the salesmen. It 
is part of the great apparatus of unloading unwanted goods 
on necessarily uninformed buyers, a process of increasing diffi¬ 
culty in the general crisis of capitalism. Here the statistical 
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method lias the advantage in that it provides the result in 
nunibers: a langu;ige which business men can understand. 
What the figures mean, or whether they really mean anything 
at all, is not the point. What matters is that they are of use in 
board-room arguments so that some people are willing to pay 
to get them, and consequently it pays to have people trained to 
produce them. 

Whether expressed in figures or in tlie wordy generalizations 
of the social scientists, the purpose of the information given is 
the same, to assist in the making of profits by increasing sales. 
'I’he twentictli century has witnessed the growth of a vast 
apparatus of advertisement and publicity whicli, by its very 
volume, blinds and dealens the majority of the people to any 
real apprec iation of the* world in whicli they live. Advertise¬ 
ment has indc’cd become a vast j>arasiti(‘ industry, whose 
function is effectively to (‘xact a very concealed ])urchase tax 
from the consumers for the benefit of a few nt‘ws])aper and 
advertisement magnal<\s. 'fhe tax is a substantial om*, graded 
according to the worthlessness of the* product and the poverty 
of the purchasers. Ac'cording to a statistical survey 
advertising costs account for some r; j)er cent of tlie price' of 
the goods most advertised; while for certain products, jiarticu- 
larly mc'dicines iind household stores, whc'rc' the buyer lias the 
least possibility of Judging the real cost of what she has to pay 
for, it rises to over ;]o pi-r cent. In the early stages of an adver¬ 
tising cam})aign some goods may, it is true, be given away; but 
the money is soon r(‘cou|)ed. A small fraction of this revc'nuc* 
serves to support a considerable profession of agc'iits, cojiy 
writers, aitists and printers. Some million a year arc' 

spent in Britain on advertising. This is more' than twice what 
industry spe-nds on research (p. 585). It is therc‘forc^ not 
surprising that this machine c:an carry social science easil)' as a 
relatively chc'a)) highbrow annexe. By j)jx.>viding jobs foj’ 
trainc'd social scientists, statisticians, and psychologists, it 
justific's the cieation of university departments to teach llu' 
subject and carry out research into what they can be taught. 

In a profc'ssion where the value of everything is what it can 
be sold for, the conclusions of social science have to be weighed 
against the rhetoric and display of the art of salesmanship and 
advertisement. In so far as science survives at all in this 
atmosphere, it has to bow to these requirements and be 
corrupted both in what it states and what it suppresses. Figures 
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are as flexible as words, and more decc^ptivc because they carry 
with them the air of neutral facts. 

Social science in production 

\ he use of social science in th<^ pj oc esses of caj:>italist pi o- 
duction itsi‘lf is a more recent development. Except for the 
work of some self-styled scientific management experts, it 
dates from tlie last two decades. In its older form of time and 
motion study it was crudely designed to rationalize the motions 
of the w’ork(‘rs in order to get more work out of them in the 
same time. It dehumanized men and women to the level of 
the machines they served. It w^as accordingly resented and 
Insisted, walh varying succt'ss, by the organizt'd workers. 1 lie 
attemjned introduction of such a system into a factory w^as 
often enough to provoke a slrik(\ As one trade unionist of 
the old school remarked, ‘‘ 'J inie and motion studies mean that 
time is lost and motion ceases.” 

'Ehe later forms of aj)plication of social science to prodiu tion 
are more subtle and ostensibly inoffensive. Two lines ol' 
approach have bctii followed: one beginning with the mech¬ 
anical techniques themselves, and there concerning itself with 
the adaptation of the worktas to the machines here time and 
motion studies have l)een extended and glorified with the w^ar 
prestige of operational research; the other approacli starts with 
the human element, and strives l)y psychological methods to 
make him not merely a mon' cflicient but a more willing 
tool - this is the pi'ovince of industrial psychology and the science 
of inanagemcjiL 

Operational research 

The genesis of operational research in relation to war needs 
has already be('n discussed (p. 580). Though it is a inetliod of 
great generality its actual use was limited even in war, with its 
clear objective of defeating the enemy, by the persistent vested 
interests of capitalism.^’*^'* In peace it had little chance of 
being employed in a cajntalist system of society wdierc there is 
no gentTally accepted purpose, and therefore no possibility of 
common and planned action. The definition of operational 
research, “ the use of quantitative analysis of real situations 
as a guide to executive action,” is an indicative or prescriptive 
definition. Unless it is a guide to executive action, action that 
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will a( tually bo carried out, llic science stops half-way and is 
to that extent no science*. For, as tlic whole of its history shows, 
science cannot live lon<»* if divorced from experiment, and 
social experiment is as esst'ntial to social science as physical 
and biological experiment to the natural sciences. 

In the optimistic period immediately following the War, there 
was a drive among both national and social scientists to use the 
methods of opc'rational lesearch in the fields in which th(‘y 
wTic most needed, that is, in advancing agricullural and 
industrial produethm, and in social services like housing and 
health.’ As has already b('en pointed out, the advaiu'cs 

of physical and biological scieiue now^ make it })ossible, in 
principh*. to dcv c'lop increasingly rational typ(‘s of'])roduction in 
both spheres, and to achieve* enormous (‘conoiny of effort on the 
OIK* hand and much greati'r satisfaction to the user on the other. 

It did not, however, take long to show that such a develop¬ 
ment was not going to be (*asy to get under capitalism. A 
little could be cloiu! at first in social s(‘r\ic(‘s, under the impetus 
of working-class pressure demanding better living conditions. 
However, the (!old \\’ar and the prejiaration of a Third World 
War that it entailed soon dashed the hoj)es of the ])ost-wai’ 
period. 1 hey did in any case run dead counter to the iiiter(*sts 
of the ca])ita!ists. 'There can be no real community of interest 
betw een (nvriers a.nd workers in tlie countries of' ‘‘ Western 
Civilization,” liowever much docile trade union leaders would 
like their members to believe so. .\s long as j^roduction Ibr 
maximum profit is the rule that del(‘rmincs the setting up and 
w'orking of industries, the business ol' the employ(‘r is to kc*e]) 

his costs.including his labour costs down to the hrwest limit 

that he can manage. Phrases Wkv. “ service ” and “ partner¬ 
ship,” however sincerely felt by employers, must, wlumever it 
comes to tlie point, take sc'cond j)la(e to profit. R(‘al social 
scicnca! in these conditions can only take the form of ex])osiire 
and criticism. In this s(mse, although it is unlikely to be sub¬ 
sidized or published, it can still be clone, as witness the 42-year 
work of the Labour Research Department.® 

"I'his docs not preclude a limited application of operational 
research with all its statistical refinements, such as linear and 
concave* programming, to the strictly limited problems of getting 
the most work out of a factory or maximalizing profits.It 
has indeed been annexed to scientific management, and in 
the process has lost its independent normative status. 
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I he view that metliods of operational research, honestly 
applied, cannot but injure the capitalist system is shared by 
the most responsible authorities. Indeed they were the first 
to point it out. J he most eminent politicians, economists, 
and scientists agreed that it was impossible to attempt to 
apply such integral methods as operational research and 
planned science to a “free” society with many diverse aims. 
Not only was it difficult but it was downright wicked; it 
amounted to totalitarianism. 

I’hey overlooked the fact that totalitarianism, in many of 
its unpleasant aspects, was there already. The large mono- 
p()li(\s and corporations, which monopolized science as rniicl) 
as they moiio])olized j^roduction (p. Spg), were completely 
autocratic and had no i(\sponsibility to the public or to their 
own ^vorkcrs. Furlher, the same monopolies were intimately 
linked with governnK nts in the one teehnically advancing and 
successful industry of Western capitalism: the preparation for 
war (p].L 493 f.). There w'as to be no transformation of industry 
in America and wa*st('rn Europe along the lines indicated by 
war (experience, for such a transformation would necessarily 
have implied a workers' control of industry and the rc'inoval 
() ])iivate control and ]:>rivate profit. There was to be no 
int(‘gration of physical and social sciences. A genuine new' 
and constructive social science wT)uld inevitably run counter to 
capitalism. 

Industrial psychology 

'riicre remained, however, (onsiderable scope for another 
kind of social science, one which could be relied on not to 
interfere but to smooth the w^ay of capitalism. This was pro¬ 
vided by a d(;'V{do]3ment (T the methods of industrial psychology 
and scientific management. Here the prime object is to control 
the mind and wall of the worker by the use of every device 
developed by social or psychological science. 

In tlie DniK'd Slates this development dates from the days 
of the slump; in Britain it is more recent, but in both cases it 
received an enormous impetus from the Second World War. 
The new prevstige of psychology arose largely out of the claims 
for its successful use in the selection and training of the armed 
forces. It is hoped that similar methods may help to provide 
even better disciplined industrial armies. The underlying 
aim of industrial psychology is to secure the maximum will to 
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work and to create the impression of harmony of interest 
belween the workers and the management. 

The implication of the term psychology^ with ils psycho¬ 
analytic and psycliiatric overtones^ is that most worktTS- 
slackers^ absentees^ and, worst of all, agitators and strikers 
any, indeed, who rebel against exploitation, in fact all but the 
model, arc sick people requiring diagnosis and treatnuTit to 
adjust them to their conditions of work. Their home* lives 
need to be looked into, their wrong ideas about the owners 
corrected, their uncooperatix eness modified by group exercises. 
Everything indeed needs to be done for them except the oiu* 
thing from which they would really benefit -the imd of (ex¬ 
ploitation. As long as exploitation of workers for profit 
remains, the only result of successful industrial ])syeh()]ogy can 
be to hinch r the worker from pressing his demands for better 
wages and conditions, and thus to diminish his shar(‘ in the 
product of his labour. To use science for this purpose is to make 
it accessoiy to deception, even when the scientist himself is 
not aware that he is doing so. 

The corruption of social science. 

The social scientists working in thes(' fK^lds may genuinely 
believe they are working foi* the good of' tin* cornmunity in 
promoting social harmony, or they may ho|)e that in the 
course of their work they may add to Imman knowledge, or, 
more cynically, they may find it a good paying job. 'fin' 
enterprise is liable in all cases to be scit ntifically sterile because 
it is limited in advance by tin* conditions of its use. The 
double need to produce practical results satisfying to lh(' 
employers, and to give the appearance of scientific impartiality,, 
so as not to u})set the work('rs, prevents any serious analysis. 
What appears instead is only too apt to be a mixture of im¬ 
pressive statistics and pronouncements of the most obvious 
platitudes expressed in jjompous scientific language based on 
questionnaires full of questif)ns of no importance, casually or 
inaccurately answered. An extreme but true example is that 
of an American industrial p.sychologist who discovered that a 
miner identified the mine with his mother and the boss with his 
father, making him unduly gentle in his work and aggressive in 
demanding his rights. He hoped that by changing the roh\s 
the miner could attack the coal face wuth vigour and turn into 
a model employee. 
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1 he full value of a worker as a human being can only be 
realized, as has been demonstrated in the SoviiT Union, if he 
is master ol his work. I his, limited as it was by yioverty 
and ignorance, had been the condition of the medieval crafts¬ 
man. It can be rcTOvered in a world of scientific industry 
only l)y a type of organization in wliich the individual worker, 
in conjunction with his woikrnat(‘s and with technical advice, 
really d(‘termin(‘s liow the work should be done, controls and 
directs the machinery, and reaps the full benefit. Anything 
less is deception and will sooner or later be detected. 

Trade unions, until very re'cent times, have always fought 
against all Ibnns of " scientific management.” But this 
attitude has Ibi' some- time bee^n considered old-fashioned by 
the le-ade-rs of American trade unions, and re-cently they have 
been joiiu-d by many trade- union leaders in Britain and some 
of tile adherents of the International Confederation of Free 
T rade Unions. TTie ofiicial dex trine now is that the defence of 
democracy is liest se-eane-d by pre-serving and strengthening 
capitalist monopolie-s. What the T'UC General Council now 
requires of trade unionists is ever greater productivity, and when 
in 1953 one ot' their members, Ted Hill of the Boilermakers’ 
Union, proteste-d and pointe-d out that this would simply swell 
the pre>fits of the employe-rs, he was publicly censured. In the 
United States sonu- trade unions even hin- industrial psycho¬ 
logists to assist firms to become more efficient. In Britain, 
whert-, on account ol' K-armaiiK-nt, capital investment and 
industrial research are curtailed (pp. 584, 896), the boosting of 
industrial psychology, which is comparatively cheap, is the only 
resource left. 

These considerations go some way to account for the 
markedly more favourable attitude in rc*C(-nt years of authority 
on both sides of tin- Atlantic towards the social sciences. They 
had shown value and tlu-y knew- their place. Their role was 
to be that of a servant, not of a counsellor: ” on tap but not on 
top,” as an Air Vice-Marshal elegantly put it. 

Social science teaching in the universities still remains 
devoted to its old pre-war tasks of justifying the existing 
capitalist, or slightly modified capitalist form of society. 
Nevertheless the idea that social science should be taught in the 
schools was quite- rightly rejected by the Norwood Committee 
in 1941.However waTl it might be presented, it w^as felt 
that it might h-ad to the spread of dangerous thoughts. 

809 


D 1) 



THE SOCIAL SCIENCES AFTER 


i34~^rHE SCIENCE OF EDUCATION 

Standing somewhat apart from iJie other social sciences, 
and even less sure of its scientific status, is the science of educa¬ 
tion. Ideally this should cover the whole processes of con¬ 
ditioning, ranging from birth to death,, by which human beings 
are ada})ted to the society in which they live and of the means 
by which tliey learn to make the best of it or to change it. 
Actually, as a stiidy^, it has arisen very tardily in our own 
time out of the practical difliculties of a school system 
attempting with grossly inadecjualc means to provide* for the 
rapidly growing educational needs. The demand for popu¬ 
lar education, as apart from specialized training for church, 
law, or medicine, first arose with the insurgent bourgcosi(* 
of the sixteenth century, and was c losely connected with the 
allied movements ol' religious reform and political liberty. 
Popular education had to fight for recognition in the sev(‘n- 
tc‘ent;h and eighteenth centunc*s; that is why the early edu¬ 
cators, like Vives (1492 -1540), domenius, Rousseau, and Pcsta- 
lozzi (1746-1827), were also notable philosophers and reformers 
and played a large part in o\erthrowing the ideology of the 
feudal order (]))n 314, 726). 

C'Jass discrimination 

However, once industrial caipitalists were in pcjwer their 
enthusiasm for the c'xtcnsion of education soon evaj)orated. 
True, the new working class needed enough acquaintance with 
the three R’s to do their jobs properly, and provision for teaching 
them was reluctantly provided on the cheapest possible basis. 
But there was all the more reason for seeing that the education 
of the masses did not go too far, and that it introduced no 
unsettling ideas. The official view' could scarcely b(r better 
put than it was in 1807 by Davies Gilbert, MP, later President 
of the Royal Society : 

However specious in theory the project might be, of 
giving education to the labouring classes of the poor, it 
would in effect be found to be prejudicial to their morals 
and happiness; it would teach them to despise their lot 
in life, instead of making them good servants in a^^riculture, 
and other laborious employments to which their rank in 
society had destined them; instead of teaching them 
subordination, it would render them factious and re- 
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fractory, as was evident in the manufacturing counties; it 
would enable them to read s(;ditious pamphlets^ vicious 
bookSj and publications against Christianity; it would 
render them insolent to their superiors; and in a few years 
the result would be that the legislative would find it 
necessary to dirc^ct the strong arm of power towards them, 
and to furnish the executive magistrate with much more 
vigorous laws than were now in force. 

Conservative opposition to education^ and particularly to 
higher education of tlie workers, was firmly maintained. 
When, in a mood of liberal emancipation, the London 
Mechanics Institution (later Birkbcck College) was set up in 
1823 under the inspiration of Thomas Hodgskin (p. 733), with 
the stated object of providing information to working men on 
the facts of chemistry and mechanical philosophy and of the 
science of th(! creation and distribution of wealth,” the Si 
James Chronicle wrote:; 

A scluaue more coinj)letely adapted to the destruction 
of this r'iinpire could not have been invented by the author 
of evil himself . . . every step which they take in setting 
up the labourers as a scparalt* and indep(‘ndcnt class is a 
st('p taken, and a long one too, to that fatal result. 

Ovei' most of the continent of Europe this danger was 
a\()ided by virtually closing acci'ss to higher education to all 
but a practically hereditary educated class, the so-called 
intcUii^entsia, who, with a few brilliant exceptions, furnished all 
I lie c lerics, lawyers, doctors, scientists, engineers, and adminis¬ 
trators that the countries needed. This rigid system of class- 
limited education \vas first broken dowm in Russia after the 
Revolution, amid bitter protests from the more rcacdonary 
of the old intelligentsia. It has now^ given w^ay not only there 
but all over eastern Europe and in China to a fully popular 
educational system of a radically new kind (p. 830). 

In England—not in Britain, for Scotland has an old- 
established tradition of popular education—where industry 
was first to develop on a large scale, the arrangements were 
somewhat more flexible. Just sufficient entry was permitted 
into higher education to meet the needs of a rapidly expanding 
production and administration. But the entry was so regulated 
that the new recruits could be assimilated into the ranks of the 
governing classes and often became their staunchest supporters. 
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The advance of popular forces has widened the range of access, 
but the fundamental principle of upp(‘r-class assimilation 
remains. 

In the new countries, particularly in the United Slates, 
education was from the beginning relatively cheap and easily 
accessible'. At the same time its Cjuality was low, and it counted 
for little compared with practical ability and business sense. 
The early achievements of American industry were* dut' to 
practically illiterate inventors, which only goes to show how 
much more important, at that primitive technical stage, were 
favourable economic conditions and good craftsmanship than 
any amount of book learning. But as we have seen, this con¬ 
dition has not lasted. 'Fhe rapid infiltration of pliysical science' 
into industry makes some degree ol‘scientific education a pre*- 
condition of technical progress. Up till recently tins has been 
the function of the colleges and universiti(‘$ rather than the 
schools. Since the War, however, the probh'in of the supply 
of industrial scientists and technologists has bc'corne an urgent 
one in the United States, particularly when it was recognized 
that the number was falling behind that of the Soviet Union.**-' 

The xvorkirv^H'lass struggle for education 

So far I have treated education as an entirely bourg('ois 
perquisite reluctantly doled out to tlie lower orders; but that is 
only half the story, and the old lialf at that. Three' hundred 
years ago the bourgc'oisie had demanded education as a road to 
pow('r, now it was tin' turn of the industrial working class to do 
the same. The de'inand for education, the In'roic t-florts and 
the sacrifices made to get it, wen' an integral part of the: labour 
movement, and, in the nineteenth century, were linked closely 
with th(' co-e)peralive and tr^ide union movements. Educate, 
agitate, organize ” was the slogan of the Se)cial Democratic 
Federation (p. 75B). All the great figures in the fight for 
Socialism were highly e'ducate'd and very often self-cclucated 
men and women. 

By the twentieth century this great drive had been slightly 
blunted by the concession of universal elementary education, 
and limited provision for higher education of the workers, such 
as Birkbeck College (incorporated in London University in 
1920) Ruskin College which, though at Oxford since 1899, 
has yet to rise to the dignity of a genuine house and the 

Workers’ Educational Association formed in 1903.®-^"®*" The 
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Other clanger was the almost irresistible impulse for a working 
man’s child to use education as a way of getting out of his class, 
inevitably draining talcmt away from it in the best Platonic 
sense (p. 137). Nevertheless, the demand for more education 
still grew and gaiiu'd force with the greater demands of skill 
and science in the new industries, and with the greater sense of 
working-class j:)ower. Towards the middle of the twentieth 
century the demand of the working class for access to all levels 
of education became irresistible. 

The science of education, which had existed as an academic 
backwater for centuries, was now having to meet the demands 
of'real and important social education. It must be admitted 
that it was not will constituted to do so. In part educa¬ 
tional theory was a gcaiiiine attempt to find principh'S, largely 
])sychological, behind the actual techniques of transferring 
information, and as such was no mor(' or no less scientific 
than tlu‘ r('St of' psychology. Even mor(\ however, it was 
traditionally an atlc'mpt at a philosophy of education aiming 
at laying down its true ])urposes. As such it suffered from all 
the defects of tlu' social sciences in an exaggerated form. 
Because it could not or would not recognize the changing 
character of socicTy or its class structure, educational theory, 
unconsciously as much as consciously, accepted that society 
as permanent , and aimed at finding ways of adapting the pupils 
to it. 'Ehis inevitably made it conformist and apologetic. 

Ifiielligrrice tests 

An attempt to give education a more genuinely scientific 
air was meanwhile being made by the introduction of in¬ 
telligence tests, originally taken over from some early efforts 
at scientific criminology. Because the quality of the per¬ 
formances of the subjects can be expressed in numbers, and 
these numbers can be added, divided, and subjected to 
statistical refineim'nts, the results of such tests arc deemed to be 
fully objective and scientific. The catch, however, is in the 
bias introduced in drawing up the tests themselves. In a class 
society any test applied to all children is bound to lead to class 
discrimination, and, as those drawing up the test must neces¬ 
sarily, as educated people, have had an upper-class bias, the 
results naturally stress th(‘ advantages of upper-class up¬ 
bringing.®-In any case, the greater contacts with parents 
with leisure, the eivailability of books, the possibility of visits 
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and travel, give the middle-class child enormous initial 
educational advantages. If this head starts which operates 
quite independently of intelligence^ is further confirmed by 
the results of intelligence tests^ it must lead to an educational 
system grossly unfair to the working classes. 

Intelligence tests, indeed, proved from the start to be most 
useful in demonstrating the mental inferiority of the working 
classes and of subj(‘Ct races. Their value in education, how¬ 
ever, was fully realized in Britain only when a larger measure 
of higher education was introduced after the Second World 
War. The administrative reason was transparent. It arose 
from the chccsc-paring policy towards education strongly 
reinforced by the overriding needs of rearmament. In the 
estimates for 1934 7 per cent was provided for education as 
against 34 per c(‘nt for war preparation. As there were not 
enough schools or teachers to give every child the full benefit 
of education, it was convenient to prove scientifically that most 
of them were incapable of benefiting from it. This also served 
to provide industry with young workers and thus offset the 
disastrous results of the cali-up. 

On the social plane intelligence tests proved tlic most useful 
means of separating those w lio w ere deemed at the age of eleven 
to be incapable of higher education, an almost solidly wwking- 
class group, from those proceeding to secondary grammar 
schools, a large proportion of whom arc from the lower 
middle classes. The children ol' the upper middle and upper 
classes are naturally spared the indignity of being segregated 
in this highly scientific w'ay, by leaving to all w'hose parents 
can pay the freedom to send them to the “public” schools. 
What has been achieved as the final result of this applica¬ 
tion of social science is a way of keeping the poor in their 
place, and at the same lime making them feel so inferior that 
they have not even the right to a grievance about it. It has, 
in fact, served to distort a democratic ideal of education into 
an anti-democratic, class-ridden system. 

13.5—THE IDEOLOGICAL BACKGROUND 
Psychology 

Of all the social sciences, psycliology is the one which 
general opinion, particularly educated opinion, would concede 
has made the greatest advances in the tw^entieth century and 
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has had the greatest influence in moulding the general attitudes 
towards life and society. Although the revolution in psy¬ 
chology associated with the name of Freud was a product of 
nineteenth-century thought (p. 756), it was, until well after the 
First World War^ but little known outside psychiatric circles. 
Its great influence on thought^ and to a certain extent on human 
behaviour, came in only in the ’twenties. At that time 
Freudian psychology seemed a great revelation, as great as 
Darwinism in the last century, and, like it, a centre of fierce 
controversy, having ranged against it all the forces of respect¬ 
ability and religion. That controversy has now died down, 
but so has the belief in a new revelation on the working of the 
human soul. We are now in a position to estimate its place in 
human thought both in its genesis and in its consequences. 

Sigmund Freud 

The early work of Freud was in tln^ natural scicnct s. He was 
a practising doctor, and had done research on the actions of 
drugs. When he took up the treatment of nervous cases he 
followed, in the first place, the methods of the experimentally 
minded French doctors, Charcot (1825 93) and Janet 
(1859-1947). His material therefore lay in the real world, 
though in a very restricted part of it, fbr his patients were 
largely drawn from the very intellectual circles to which he 
hims(‘lf belonged. But whatever the source of his material 
liis ideas were part of the general positivist atmosphere of his 
time. Here, more than in any other branch of science, 
positivism influenced the whole interpretation and presentation 
of the results of his new technique of psycho-analysis. 

Though Freud himself was always striving to express his find¬ 
ings in terms of objective realities, the actual entities he con¬ 
structed were far more like the spirits, virtues, and faculties of a 
medieval morality play than the material entities of the physicist 
and chemist. The unconscious, with its trinity of ego, super 
ego, and id, the complexes, the censor, the libido, and the death- 
wish, were all invented by Freud to explain the strange imagin¬ 
ings, dreams, and compulsive behaviour of his patients. Just 
because these constructs had no possibility of material existence 
susceptible to any other form of demonstration, they tended to 
take on, especially with his followers, an absolute character, 
and created a fixed and almost mythological inferno of evil 
influences whose power to do harm could be mitigated, 
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though never entirely removed^ by the ministration of tlx' 
analyst. 

Social implication of psycho-anahsis 

There is no scope within the limits of this book to discuss 
the principles of psycho-analysis^ but only to note its social 
implications. These naturally took some years to rev^eal 
themselves. At first the new psychology met the most violent 
and hysterical opposition, emanating from the upholders of 
middle-class respectability and religiosity. It was only after 
the First World War, when the illusion of the eternal stability 
of a bourgeois existence had been shattered, that the influence 
of Freud began to spread so rapidh' as to become, in a more or 
less diluted form, almost the religion of the intellectuals. 

The leasons for its success must be sought in th(‘ objecti\’e 
insecurity of the' times, because it stressed the hidden im¬ 
portance of the irrational and primitive aspects of the human 
mind, the new psychology j)rovided an ('xplanation, indeed 
practically an excuse, for man's inability to deal with the 
problems of society. The upshot of iMcudian psychology was 
that man was effectively rul(‘d by his own unconscious instincts, 
implanted before birth and carefully nurtured for evil in the 
early upbringing of children. 

It is true that the new theories of psycho-analysis had, and 
were intended to have, a considerable lilxu'ating effect from 
older dogma of the same kind, such as that of original sin. It 
was, at l(*ast in its early days, definitely anti-religious, and it 
provided strong sup])ort for a kinder and freer attitude towards 
children and sex. Nevertheless, the general effect of psycho¬ 
analysis on the elements of society that took it up with such 
enthusiasm after the end of the First World War was to distract 
people from attempting to solve social problems by any kind of 
corporate or political action and to draw tliein back into 
interests of their own personality, and })articularly of their own 
sex lives. 

Freud's own attitude was, and remained, essentially a 
scientific one; that is, his main concern was to find the simplest 
hypothesis that would guide him in interpreting the reactions 
of his patients and the reasons why they w(‘re relieved by his 
treatment. But the science he used was subjective and 
positivist and could only serve to multiply entities without 
reason. Towards the end of his life, when he attempted to 
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extend his clinical ideas to the fields of anthropology and 
religion^ his explanations were frankly mythical/'^* His 
followers, particularly those of them who broke with his some¬ 
what rigid formulations, were to reveal far more clearly the 
mystical tendencies underlying the new psychology. With 
Jung it in fiict returned not only to myth in the social sense, but 
to the concept of inherited myth and “ higher ’’ truth of an 
occult kind^ concepts which, in this or other forms, have been 
the basis of most of the Fascist movements of the twentieth 
century. Similarly, Adler, with his insistence on the power 
complex, was an unwitting prophet in the service of the enemies 
of his people. Now, half-way through the twentieth century, 
psycho-analysis has become almost r(‘sy3ectable and is even 
making its peace with the Churches, dropping its overt in¬ 
sistence on sex to placate the parsons, but making u]) for it with 
a new infusion of anti-Communism. 

There is little need to say anything about other trends in 
|)sychol()gy, for, a])art from the neurological experimental 
psychology discussed in Chapter ii, it is either a rehash of the 
old (ireek faculty psychology, or a more or less diluted Freudian- 
ism usually with a strong dash of mysticism. The role of 
psychology in the caj)italist world is, as the examples of in¬ 
dustrial psychology already quoted (p. 808) show, one of 
providing a scientific excuse for the economic and political set¬ 
up. It also serves to discourage and disparage as emotional 
maladjustment any attempt to change it. As in earlier cases 
with the yogis and mystics (p. 124), the search for inner truth 
is a well-worn w ay to passivi* acceptance of outward evil. 

Philosophy and theology 

Any account of the development of the social sciences in 
the capitalist world in the twentieth century would be incom¬ 
plete without some reference to the fields of philosophy and 
religion, or more particularly to tlu* theorc'tical basis of religion 
— theology knowm in the Middle Ages as the queen of sciences. 
This is not to say that one or the other are sciences com¬ 
parable to those already discussed; they claim to be much 
more; they include much less that is in any sense verifiable. 
The reason for including them here is that social science in the 
period of cajutalism has still not fully emerged from the ideas 
and formulations of these pre-scicntific forms of thought and 
feeling. 
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The theories or theologies of the religions of the world, 
especially of the Christian religion, have changed many times 
in the past (pjx i8i, 214) in response to the changing states ni 
society. Tliey may change again or hide away altogether in 
the future. What is impossible is to maintain an attitude to 
the world widely out of harmony with existing conditions: to 
try to bind the present to the past no matter in whose interest. 
This is the very definition of reac tion and its intellectual 
counterpart, obscurantism. In so far as theology and philo¬ 
sophy attempt to do this they condemn themselves to sterility. 

Although in the past philosophy and theology have figured 
as grand antagonists, like science and religion, in the struggle 
for the human mind (p. 482), they can now fitly be taken 
together. For, linked as they both are, in capitalist countries, 
to the interest of maintaining the sU/tns quo in a dangerous 
situation, they have composed most of their quarrels in the 
interest of common defence against the new materialistic 
philosophy. 

It is a symptom of the general regression of the intellectual 
level that obscurantism and mystification in religion and 
philosophy arc, on the surface, far more prevalent in the ‘‘ Free ” 
world than they were fifty years ago. We arc witnessing in our 
time a repetition of the change, from fashionable infidelity to 
fashionable religion, brought about by the fright the French 
Revolution gav^c to ruling ( lasses. The step back now goes 
much farther and is more hysterical, because the present ruling 
class and their hangers-on are more thoroughly frightened than 
were those of 150 years ago. It is, for all that, even more 
superficial and tinged with hypocrisy, partly because a far 
more developed natural science has had all that time to pene¬ 
trate into the general consciousness; but even more because 
there is now^ a living and growing alternative to the pessimistic 
obscurantism of the capitalist world that can no longer be 
ignored. 

The intellectual retreat of the tw'entieth century was by no 
means exclusively marked by a return to religion, already 
discussed (p. 791). Especially in the early years after the 
First World War there was wdiat appeared to be a rebirth of 
rationalism, in the form of flourishing philosoi)hic schools, in the 
logical positivism of Russell and the Vienna school of Witt¬ 
genstein and Carnap, in the organicism of Whitehead and in 
the pragmatism and behaviourism of Dewey and Watson in 
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the United States. Nevertheless, in spite of a few gestures of 
defiance, the new positivism offered no serious opposition to 
the revived obscurantist drive; many of its exponents have even 
joined it. The enemy had changed; it was now no longer the 
Church or idealist philosophy, but the active materialism of the 
Soviet Union. By their logical criticism of the basis of all 
truth, the positivists did far more to shake men’s belief in 
science than in their religious faiths. 

The partisanship of neutrality 

In the past and particularly in the eighteenth century, 
religion had been attacked because of the absurdity of its 
beliefs, and had survived. A far deeper criticism was first 
fully developed by Marx, which has by now penetrated even 
into academic circles and touches the fundamental nature of 
religion itself, namely that of its social origins.®*It is 
now b(‘Coming widely recognized that the attitudes towards the 
universe at large, and man’s place in it, that have found expres¬ 
sion traditionally in theology and philosophy arc neither the 
results of abstract thought nor of divine revelation, but merely 
reflect the cumulative effect of a social tradition. Theology 
and philosophy have been built by human society in its own 
image. 

Such an interpretation has always been vigorously repudiated 
by the official guardians of faith and learning, ostensibly in the 
name of a higher knowledge that can be completely detached 
from social consideration and that is given by revelation, 
intuition, or ])ure reason, and is therefore objective and 
absolute. The maintenance of this position, harking back as 
it does to the? dawn of conscious thought and ignoring the social 
advance of centuries of science, is just another aspect of the 
general mystification of the intellectuals in a decaying society. 
The ostensible reason for rejecting a social interpretation of 
philosophy and religion is not the real one. The underlying 
reason against admitting it is that it would open the present 
social system to attack. In that respect few theologians or 
academic philosophers in capitalist countries are really im¬ 
partial. Their apparent impartiality, expressed in a detach¬ 
ment from social problems, covers an acceptance without 
protest of the present state of affairs. This point is well made 
by the American philosopher Barrows Dunham in his Man 
Against Myth 
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Lastly, I think wc should observe that on great issues 
neutrality is an illusion. Once the battle is joined—once, 
that is to say, there really are two sides to the question— 
everything done', or left undone, assists one side or the 
other. The dinident gentlemen who in these times have 
not come to the aid of democracy must be considered to 
have, helped Fascism. I'heir “ scientific ” inaction is one 
of the things Hitler most relied upon, and not with suc¬ 
cess. , . . 

At all events, it is clear that men can no longer alTord to 
withdraw i'rom social action or to postpone it indefinitely, 
liven as a mere matter of' knowing tlie world, it is true 
that, where decision is absent, all else is mistiness and 
futility. Patience, tolerance, impartiality, and all kindred 
excellences are really aids to decision, not hindrances upon 
it; and we should never pursue th('m so exclusively as to 
miss the goals they were appointed to achic've. 

It was, however, a dangerous one to make, as 1 h‘ has since been 
dismissed from his Chair at Temple College, Philadelphia, for 
the crime of intellectual arrogance ” in maintaining that he 
was not obliged to answer the questions of the US House of 
Representatives C'ommittee on l/n-Amcrican Acti\ ities. 

In the critical stage of capitalism, hovering betwi'cn war and 
economic collapse, even this degree of neutrality does not seem 
enough for some academic philosoplu'rs; they are now in the 
forefront of the most reactionary and violent attacks on 
socialism, especially on its realization in the Soviet Union. 
Official philosophy, now as in classical times, is one of the inner 
defences of wealth and privilege. It is, so to speak, the in¬ 
tellectual sector of that defence, the emotional sector being 
looked after by religion. Just now the two have largely com¬ 
posed their quarrels and are uniting for mutual support. 
Aristotle and Thomas Aquinas, Kierkegaard and Russell, can 
all serve as champions of Western Christian Civilization (p, 791). 
Up till very recently Sartre might well have been included in 
this collection. But the philosophy of Existentialism, for all its 
German origin, was forged in the Resistance movement, and 
Sartre has had the rare intellectual courage to see and choose, 
under the new American occupation, the cause of national 
independence and peace.^’-*"*^^ 

Whether the arguments are based on intuition, faith, revela¬ 
tion, or pure reason has now become largely immaterial. 
What they have in common is more important than what 
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separates them. It is at the root of the assertion of the existence 
of external and inimaterial beings or ideas existing independently 
of society and not subject to change by human action. It is 
possible to make a vari(‘ty of pretty patterns and systems of 
such idcas^ and they can be sold either by appeal to the 
venerable traditions and wisdom of the Ancients^ as is done by 
the proponents of Platonic or Thomist philosophy, or as the 
very latest discoveries of scientists and mathematicians who see 
through the deceptive app(‘arances of vulgar matter, as is done 
by the professors of a variety of Neo-positivist and Logical 
]^)sitivist schools, 'fheir objective, as was that of their proto¬ 
types in ancient Greece, India, or Cnuiia, is to keep society 
just as il is and to preserve the privileges and the freedom of 
the superior man, the cultured citizen, and his necessary 
associate : the pow(‘i ful and wealthy patron. Today^ as of old, 
he is exp('( ted to ])ay lor the moral and intellectual protection 
he gc‘ts from the philosophers in the form of endowm(‘nts and 
r(‘search grants. 

The ivcakness of inteUectual reaction 

But the apparent strength of present-day philosophic and 
religious beli(‘fs concc'als a fatal weakness. Just because they 
are admirably adapted to justifying things as they are, they 
have lost their capacity for initiating change. Neither the 
science's of Nature nor tlu)S(‘ of society can make use of them to 
bring about new advanc(‘S. It has already been shown (p. 
755), that the immense labours of mathematical logicians and 
positivists have b('(*n barren of results in the natural sciences. 
'Phe great advance's that have been made in this century were 
achi(‘ved by experiment, explicitly or implicitly materialist, 
and closely linked with fully material techniques (pp. 528f.). 

In the social field the message of positivist philosophy has been 
even more conspicuously negative. By adherence to the laws 
of verbal and symbolic logic their newer protagonists have been 
able to demonstrate that statements wliich are neither analytic, 
like the tautologies of mathematics, nor empiric, verifiable 
by sense impressions, must be meaningless.This refuses 
meaning to everything pertaining to social science, and denies 
the sense of religious, moral, or aesthetic values. By refusing 
the rank of meaning to most of what used to pass as philosophy, 
ethics, or aesthetics, the positivists did not, for the most part, aim 
at discrediting these disciplines. Their aim was rather to 
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reduce their o\\ n iielcl of discourse to logic and simple experiejj( c 
or later to logic alone. Iliey left liie rest to the operations oi 
faith or iinstical intuition^ since iJiey had proved to their own 
satisfaction that r(‘ason was powerk'ss in tJicse realms. The 
hist section of Wittgenst(*in’s Tractatus Logico-Philosophicus is 
entitled The Mystical and ends with the words: “ Wliereol' 
one cannot speak, thereof' one must be silent.’’ On such 
curious terms an unholy alliance between faith and reason has 
now been established. 

Nor does it follow that by putting social questions out of 
court positivist philosophy has achieved a ncaitrality above 
the contentions of the great controversies of the day—between 
idealism and inaterialisni or between capitalism and socialism. 
Not at all; their logic is aimed essentially against materialism ; 
it slides easily and imperceptibly from the subjective idealism 
of the observer to whom sense impressions occiu'/’ to the 
objective id(\dism of Berkeley, for whom we all exist in the 
mind of God. 

For all practical purposes there is no quarrel between the 
positivist and the theologian in the social and jKditical world. 
Both seek to prove the impossibility of a rational and historical 
account of socict}'. Both seek to put limits on the range of 
human knowledge and achievement. In the place of scicajtific 
knowledge of a material world this would substitute an un¬ 
acknowledged or acknowledged rnysLic isin. Both are, in the 
most literal sense, obscurantist. Such attitudes of mind can only 
help reaction, however much their protagonists may hold 
themselves to lx* })rogressivc and advanced tlnnkcrs. I’hey 
tc-nd to sap men’s confidence to understand and mast(‘r their 
own society and through science to mould the outside world 
to serve human needs. 

It is here that the failure of the headers of thought of “ Western 
Civilization ” is most complete. They have no new solutions to 
offer to the great problems of the age: economic insecurity, 
colonial exploitation, and war. The old solution amounts to 
little else today than the indefinite continuance of capitalism 
armed to the teeth and wielding full police powers. No matter 
with what bright names this has been labelled—Freedom, 
Democracy, the Christian Heritage, the Opcm Society^-^^L .p 
conspicuously fails to inspire the mass of men and women with 
any devotion. 

In the capitalist world the philosophers and preachers have 
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no longer any message of hope or courage. Because they have 
kept silent in the face ol the crying evils of our time and have 
reserved their criticism to attack every new and constructive 
movement, they have lost the power of guiding and inspiring 
their own people's. What is more, the course of events and the 
behaviour ol their patrons has mad(‘ a mockery of their claims 
to speak in the nam(‘ of the higher values of humanity. 

Hypocrisy and evasion 

Hypocrisy, conscious or unconscious, lias ne ver flourished 
as it do(‘s today. What is the use of talking of individual 
liberty in a society where almost every channel of expression 
is held by a lew ric h men or their subservient governments, 
and wheie success, livelihood, or even liberty, depends on 
having the right thoughts? What is the use of talking of 
ecjuality of oj^portunily in a world in which more than hall' 
the ])eoj3l(‘ are deprived of thc! barest necessities of life, where 
they are lauigry, disc used, and ke]:>t in ignorance, and in which 
most of th(' rest have dull and limited lives? What is the use 
of talking of ethic s and charily or the sacrc*diiess of human life 
in a system based on tlic exploitation ol' such people for the 
benefit of a fevv, and where a rnajcjr source of profit is the 
preparation of highly scientific means of l)lowing them to 
pieces, burning them to death, or poisoning them? 

No wonder ilierelbrc that, to avoid the impact ol' such un- 
])leasantru'ss in the present world, the mind should be led to 
ihe contemplation of liigher things or, lailing this, allowed to 
regress to every old or new form of mystical nonsense. Even 
the forgotten astrology of the Dark Ages can now be made to 
])ay a dividend. If anyone still cares to look thew will sec how 
far the present level of general intellectual apprc?ciation of the 
capitalist world has fallen behind that of a hundred or c'ven of 
fifty years ago. It is far less rational, sanc', or hopeful. 

Hope in the future and faith in men’s capacity to achieve it 
by their cwn efforts were preserved in the capitalist world only 
by the increasing band of those who had emancipated them¬ 
selves from the limitations of this decadent and pessimist 
):)hilcDSophy. Out of the great working-class struggles of this 
century, fiercer and more c:)fLcn crowned with success than ever 
before, has come assurance of the possibility of another way of 
solving social problems. Tin* intellectuals bred in these 
struggles and those who have joined them have learned by 
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experience something of the meaning of the ideas that Marx and 
Engels first set out. But their experience has necessarily been 
limited to the conditions of capitalism, even in the struggle 
against it. The actual experience of a creative social science 
had to wait for the achievement of power by the working 
classes as it came in one country after another, first and fore¬ 
most in the first socialist State, the Soviet Union. The 
value of that fuller experience was not, however, limited to the 
countries of its origin. The lessons learnc'd tluae have world¬ 
wide importance, and have been in these latt(‘r years a growing 
source of comprehension and inspiration to ni('n and women all 
over the world. 


13.6-7HE SOCIAL SC}EM:ES IN THE SOCIALIST 

WORLD 

This section and those that follow must necessarily be 
arranged in a somewhat different way from the (‘aiiier ones, for 
here in the world of emerging socialism there is no such 
separation between social science and the actual practice of 
society. It begins with a brief sketch of th(‘ stages of growth 
of the Soviet Union and of its struggles and the dangers to 
which it was exposed. This background serves to introduce in 
section 13.7 a description of the development and present state 
of separate social sciences, principally education, history, and 
economics. A discussion of planned economy leads to one on 
social responsibility in the building up of new socu‘ty, with 
particular reference to the place of the natural sciences and of 
the controversies that have occurred in them. Finally, some 
indication is given of the next step already in view : the transi¬ 
tion of socialism to communism. The next section, 13.8, 
contains a discussion of corresponding development in the 
European People’s Democracies and in the People’s Republic 
of China. 

While the philosophers, the economists, the historians, and 
other social scientists in capitalist countries were caught in the 
maze of disturbing events that preceded and followed the 
Second World War, their colleagues in the Soviet Union were 
occupied with very different tasks, facing a multitude of new 
and real problems. They were concerned with material and 
social creation, with the building up, despite the most dis¬ 
couraging difficulties, of a new kind of life, in the factories where 

824 



THE FIRST WORLD WAR 


workers had a positive and immediate interest in better pro¬ 
duction, in the collective* farms, in the new uprising of native 
enterprise in central Asia, in the great social services of he^ilth 
and education. In all of these, though the broad lines and 
economic objectives were planned, new and exciting social 
patterns of work and life, such as that of the Stakhanovite 
movement, were springing up spontaneously from the people 
themselves. They only needed to be recognized, understood, 
fostered, and co-ordinated. 

The revolution itself and its defence in the first critical 
years of the new Soviet State were the work of the Communist 
Party : (originally, in 1903, the Bolshevik (-- majority) wing of 
the Social Democratic Party, under the iead(Tship of Lenin 
(p. 771)). To the party fell the heaviest material and political 
tasks of restoring the economy of the country and of repelling 
foreign int(‘rvcntion. It had moreover to do so \vithout the 
help, and often with the open or secret hostility, of former 
administrators. It had to discover and use without delay new 
social forms fitted for a society that had never existed in the 
world before. The party members could never have accom¬ 
plished what they did if they had not already possessed a key to 
the understanding of social dynamics, a way of liberating the 
initiative and full capacity of millions of human beings in co¬ 
ordinated action. 'Phis they found in the works of Marx and 
Engels, which they came to understand and to extend on the 
basis of their own experience. 

Lenin, the great philosopher and strategist of the Revolution, 
proved to be as great in founding the new civilization. When 
he died there still remained, however, the major tasks of 
establishing the Union of Socialist Soviet Republics, defending 
it against all future attacks, and promoting its growth and 
welfare. The burden of these gigantic tasks fell on the tried 
members of the Communist Party, and most of all on their 
secretary and leader, Stalin. 

Stalin 

To those who cannot, and even more to those who do not 
wish to understand what is going on in the Soviet Union, the 
name of Stalin conjures up a rigid and ruthless man of action 
who seized power in his country and attempted to control the 
world for his own purposes. What these purposes were is left 
somewhat vague, ranging from love of power for its own sake to 
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a vindictive desire to destroy civilization. For anyone who 
stops to look and think, the mere facts of recent history make 
nonsense of all such hypotheses. No man could have taken 
such a responsible part in the raising of Russia from a technically 
backward and ignorant State to an industrially advanced and 
cultured one, no one could have led the successful defence of 
his country against the foremost military power of the age, 
unless he possessed capacities and ideals of an entirely different, 
creative and constructive, order. 

What those capacities and ideals were can be seen from the 
detailed record of Stalin’s career; the ideas and principles that 
guided him are set out clearly in his speeches and writings. 
It appears from these that his guidance of Soviet affairs was 
based on a deep Marxist understanding of society and on an 
ability to make vital decisions when and only when they were 
needed. A revolutionary from his boyhood in Georgia, a pro¬ 
found student of Marx, he realized at once the genius of Lenin 
and followed his leadership inside Russia during the hard times 
before the Revolution. 

His first independent contribution to practical social science 
was tfie formulation in 1913 and putting into action of his 
policy on the question of nationalities.®*^’^ I'his policy was 
based on the recognition that a nation was, in Stalin’s words: 
‘‘ a historically constituted, stable community of people, 
formed on the basis of a common language, territory, economic 
life, and psychological make-up manifested in a common 
culture.” From this it followed that a multi-nation State 
could be built up, provided that every nation in it was assured 
of the development of its own culture and administrative inde¬ 
pendence, so as to be able to co-operate with others on a basis 
of equality in matters of common interest. This put an end to 
Russian Tsarist imperialism and made the Union of many 
different nationalities, at different levels of civilization, a 
practical possibility. 

It did more; it provided a most eloquent example to the 
suppressed nationalities of colonial and imperialist dominated 
countries throughout the world. They could see how it was 
possible in practice to assert at the same time their right to 
their own cultures and to advancement, through their own 
efibrts, into the ranks of rapidly advancing modern industrial 
nations.’* 25 i This is the secret of the new confidence of the 
movements of national liberation in Asia, Africa, and Latin 
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America. Nothing that can be offered on the other side— 
‘‘ Point Four ” assistance or “ Colombo ” plans, which tie these 
countries to the old imperialism under the new name of 
“ good neighbours ” or “ mutual security ’—can compete with 
the attraction of settling their own affairs for their own benefit. 
That is why they prove lukewarm in the defence of the “ free ” 
world against the perils of communism. 

Stalin succeeded Lenin as the director of Soviet development 
because he combined^ as no other man did, the qualities of 
creative vision in proposing new projects with determination 
and caution in carrying them out. His own writings during 
that period and subsequently arc characteristically straight¬ 
forward and to the point; they show a remarkable combination 
of grasp of fundamental theory and flexibility in its application. 
Stalin often had to retreat, but he always retreated in time, and 
never so far that he could not advance again. 

Pla?ined industry and collectivized agriculture 

It was Stalin’s initiative and restraint that started and con¬ 
trolled the great industrialization of the First Five-Year Plan 
in 1928-32 and the collectivization of agriculture in 1930-32. 
These constructive achievements, following an era of destruc¬ 
tion and undertaken under the growing threat of a new and 
much more formidable attack, were the first to show the 
superiority of socialism in practice. Capitalist economists 
began by deriding these plans as visionary and impracticable. 
Later, when they could no longer deny the success of their 
achievement, they could only criticize the speed at which it was 
done. This, however, as will be discussed later (p. 837), was 
an absolute necessity if the country was not to become depen¬ 
dent on foreign capital and lose any possibility of achieving 
socialism. The task was in the event made all the harder by 
coinciding with the great slump in the capitalist world, which 
reduced the prices obtainable for the food and raw materials 
exported by the Soviet Union. To cover their purchases of 
machinery for industrialization they therefore had to part with 
far more than they originally anticipated at a time when they 
could least afford to do so. Later more effort had to be diverted 
to military preparations to meet the Nazi threat. Despite all 
this, the transformation was effected, though only just in time 

(p- 837)- 

The success of the industrial and agrarian transformation 
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of the Soviet Union demonstrated the correctness of Stalin’s 
main political thesis: the possibility^ and indeed the necessity^ of 
establishing socialism in one country, as against the 1 rotskyist 
thesis of Woild Revolution. That aim, far more radical in 
appearance, could nevTr have succeeded in the world as it was, 
and its fliilure would have inv'olved the abandonment of 
socialism for years to come. Naturally the policy of socialism 
in one country involved not only the internal difficulties already 
discussed, but also had external disadvantages. It was possible 
for reaction abroad to concentrate national feeling against the 
struggling socialist economy of Russia. This could be used 
first to label socialism or communism as an alien creed and to 
build up the Bolshevik bogy—complete with fur cap, beard, 
and bomb—as a means of splitting Labour movements. 
Later, on the wave of reaction which followed the economic 
crisis, it was possible to prepare in Germany a full-scale 
military attack on the Soviet Union with the connivance and 
under-cover participation of important circles in the United 
States, Britain, and France. 

The war which followed was the most severe testing time for 
the new socialist State, and its conduct show^ed how well placed 
was Stalin’s confidence in the people’s courage and endurance, 
and their own in the wisdom of his leadership. 

A new civilization 

It was only in the War that everyone in the world was allowed 
to see, for the first time, at least something of the d(*gree to which 
a neiv civilization had grown in the Soviet Union. The phrase 
is from the Webbs’ great study Soviet Communism: A New 
Civilization ,^Their careful appraisal marked the first serious 
appreciation of the developments in the Soviet Union by non- 
Marxist sociologists. Their testimony had been discounted by 
anti-Soviet prejudice and the real picture was almost completely 
obscured. The peoples of the world had been told for years 
that Soviet Russia was a hopelessly inefficient, industrially 
backward country on the verge of internal collapse, and that the 
German armies would cut through it like a knife through 
butter. The event proved otherwise. The Red Army and the 
whole Soviet people took the main brunt of the attack of the 
war-trained German armies, and, after enduring the most bitter 
losses, fought them back to Berlin. Heroism alone would not 
have done that; the Soviet victory depended on a solid base in 
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industry and an extreme flexibility in improvising new means of 
defencx and attack. 

Modern war is the most searching test of the technical level 
and moral unity of a country. Hitler’s war machine^ after its 
first easy successes, ultimately failed because it had behind it 
nothing more than a monopoly capitalist regime rotten with 
corruption and intrigue. Despite the magnificent German 
technology, the brutal fanaticism of the Nazis, and the rigid 
fighting tradition of the army, it lacked coherence, direction, 
and, in the last resort, staying power. The performance of 
the Soviet Union, on the other hand, showed something of the 
social coherence and efiectivencss it had already achi('vcd in 
peace and what its people were capable of after the War was 
over. The Soviet people grudged every rouble spent on the 
War, but they went to it with a will and confidence that, 
howe\xr terrible their losses, they had to win through. Those 
losses were tiTriblc, beyond our imagination: all the towns 
and most of the villages in the wealthier industrial part of the 
Union burnt to the ground; works that had cost twenty years 
of toil to build up fi om nothing reduced to nothing again; 
occupation by Germans who treated the population like 
vermin, starving, shooting, carrying them ofl' to labour camps 
from which few returned; and, worst of all, the seven 
million dead, almost every family in mourning. I remember 
very well in 1949 commenting on the restoration of an area 
so well done that no traces of destruction could be seen, 
and was asked, ‘‘ But who can restore the friends that are 
dead ? ” 

The fact that the peoples of the Soviet Union withstood and 
threw back the invader, and evxn more the fact that in four 
short years the economy had been restored and was again, 
despite the Cold War, advancing towards a richer and f\iller 
life, arc living proofs that their system was based on a sound 
and productive science of society. The nature of that science 
is still far too little known outside the Soviet Union. I have 
been able to see something of it myself in my many visits there, 
where I have had the chance to talk to engineers, planners, and 
both natural and social scientists. I have done my best to 
understand not only the ideas underlying the development of 
the social science but also how those ideas have been embodied 
in practice. What has impressed me most is the educational 
advance which I have followed, often in the same institution, 
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for over twenty ycars^ and the way in which aspirations have 
been turned into realities. 

13.7—J .NEW SCIENCE OF SOCIETY 

The distinctive character of the Soviet approach to all 
science, including social science, is its popular nature. Social 
sciences arise out of social practice, and the people participate 
directly in their study and development. This is worlds 
removed from the academic social sciences of capitalist 
countries. The emphasis throughout is on the unity and inter¬ 
relatedness of all social phenomena. Social problems are not 
dealt with piecemeal by specialists, but by the co-operation of 
scientists, historians, writers, and artists with the representa¬ 
tives of multiple popular organizations, economic, educational, 
and cultural. There is far less emphasis on measurement and 
statistics of a fixed state of affairs, far more on individual and 
collective development and transformation. 

Education 

The social and educational tasks the young Union faced 
were as great as the material ones. A backward, class-divided, 
superstition-ridden mass of many races and languages had to 
find the way to bring itself up to the highest technical and 
cultural level. The deeply-rooted interests and ways of 
thought of earlier, capitalist and feudal times, the prejudices 
and antagonisms, the suspicions and fears that kept man from 
man, had first to be held in check, then removed by education. 
A new kind of man had to be created, and he had to create 
himself by his own efforts within a generation. 

One of the major reforms in the whole history of education 
was that carried out in the Soviet Union under the inspiration 
of Makarenko, who made out of a colony of delinquent children, 
by emphasizing their self-respect and mutual loyalty, a tri¬ 
umphant and self-supporting commune, whose achievements 
have been immortalized in his book and the film The Road to 
Though Makarenko himself had a tough fight with 
educationalists who could not understand the need for discipline, 
his work has inspired a whole new generation of Soviet edu¬ 
cationalists. His fundamental principle, ‘‘ the utmost possible 
demands on a person, but at the same time the utmost possible 
respect for him,” is the keynote of the new attitude towards 
personality and responsibility in the new socialist world. The 
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inner character of his collective, the Gorki colony, expressed 
in his own words: “ With this collective there is a very com¬ 
plex system of subordination, each individual personality must 
harmonize his individual strivings with the strivings of others; 
... in such a way that his personal aims do not become 
antagonistic to the common aims . . . This harmony is 
characteristic of Soviet society, for me the common aims arc 
not only the principal, dominating ones, but they arc also 
linked with my personal aims,” arc an expression of what has 
been learned by experience in many other Soviet enterprises. 

The educational work of the Soviet Union was not limited to 
children, but was also concerned with the grown men, and even 
more the women, who had so much to contribute to the new 
civilization. The two great human achievements of the Soviet 
Union in its early years were the liberation of women from a 
state of subjection and the making of knowledge and oppor¬ 
tunity available to all, irrespective of age, class, or nationality. 
This is something far greater than the public education of 
capitalist countries, where the majority are educated for service 
and only the assimilable elite are given the higher education 
designed to fit them to join the ruling classes. In the Soviet 
Union Lenin’s phrase runs: “ Every cook must learn to rule 
the State.” 

The rapidity with which universal higher education is being 
realized in the Soviet Union is difficult to grasp even at first 
hand. Ten-year scliooling, from seven to seventeen, is now 
universal in the big towns and is spreading to the countryside. 
What is more surprising is that in many centres 6o to lOO per 
cent of the secondary school children go on to higher education, 
some in the universities, some in a variety of technical and 
agricultural colleges, some in medicine, some in the conserva¬ 
toires and ballet schools, some even in the institute of circus art. 
As an example I found in Tiflis in 1953 more students in physics 
in the university than there are in the University of London; 
of these, 350 were women, compared with less than seventy 
who take it in London, and this for a country with under 
four million population. The over-all figures show that in the 
whole Union, country and town alike, the percentage of the 
age group taking higher education is now six, much higher 
than in Britain and only just lower than in the United States. 
It is moreover growing so quickly that within a few years it will 
be the highest in the world. 
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The content of education corresponds to this aim. There is 
a great emphasis on natural science and on the means of con¬ 
trolling the material environment; but an equal concern with 
the cultural heritage embodied in history, literature, and the 
arts. Both arc studied at school, with greater emphasis on 
science; more than half the lessons arc scientific or mathe¬ 
matical, as against one third in a British grammar school. 
There is, however, no specialization below the university level. 
There the proportion of scientists and technologists is higher 
than with us—68 as against 59 per cent. 

The connecting link between natural science and culture is 
provided largely by Marxist social theory, which is learned more 
by experience in organizations outside the schools than by any 
formal teaching. All learn about the nature and development 
of society and the part they can hope to play in In the 

Soviet Union Marxism is studied, but it is not treated as 
unchangeable dogma. Indeed, following the spirit of its 
founder, it is taken rather as a process of progressively dis¬ 
covering the laws of change of Nature and society, and is 
continually changing itself as experience of the building of 
socialism is incorporated. 

The re-evaluation of history 

All this implies, on the part of teachers and social scientists, 
an enormous w^ork of studying and re-evaluating the whole 
store of human knowledge, and particularly the cultural 
heritage of Russia and of the other nations of the Union. 
History, archaeology, and anthropology have flourished as 
never before. Soviet archaeologists have uncovered, by well- 
planned and well-executed expeditions, unknown regions of the 
past. Much of this work, though published, is not sufficiently 
known in the rest of the world. Already we know, however, 
that from the Neolithic period onwards unsuspected cultures 
and civilizations have flourished in Russia and Central Asia. 
The new knowledge which goes far to explain the successive 
waves of folk migrations should already be an integral part of 
world history. 

Even more relevant, because closer to our own problems, 
is the careful re-evaluation of the history of Europe, of which 
that of Russia, despite all the denials of the paladins of Western 
Christian Civilization, has always been a part. The relation 
of the early Russian tribes to the Northmen on the one hand 
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and to Byzantium on the other has been traced and the dis¬ 
tinctive national character established. But the work of the 
Russian historians has not stopped there. Professor Kos- 
minsky’s studies, for example, on medieval history in England 
and France are acknowledged by scholars to have thrown new 
light on the growth and decay of feudalism. The new methods 
of historical research based on Marxism are already bearing 
fruit outside as well as within the Soviet Union. 

History of Russian science 

Of special interest, because so neglected in the past, has been 
the new interest focused on the history of science and tech¬ 
nology. This started early in the Soviet Union, and the con¬ 
tribution its delegation made to the History of Science Congress 
in London in 1931 had a profound cflFect in revealing a new 
approach to science as a social and economic phenomenon, 
rather than as an expression of absolute and pure thought. 

It may be said that this impact has set going a whole new school 
which, together with its critics, has established the importance 
of tlie. social history of science. Since then more profound 
studies have broadened the picture and removed early crudities. 
Particularly notable, for instance, is the work of Vavilov on 
Newton (p. 332),^-’^^® which gives a far more rounded and 
consistent picture of his work and place in world science than 
that of a host of biographers and critics in the last three 
centuries. 

One aspect of the history of science in the Soviet Union that 
has been most maligned and misunderstood is that relating to 
the history of science in Russia. In Tsarist times, starting from 
Peter the Great, the attitude of the authorities towards science 
had been markedly ambivalent. On the one hand they needed 
science in order to exploit the vast untapped resources in the 
country, on the other they feared science as an increasingly 
critical and potentially revolutionary force. As a result the 
official policy was to rely on foreign scientists and technicians 
as more dependable and easy to discipline, and less dangerous, 
as having no roots in the country. The Imperial Academy, 
for example, was recruited from abroad, largely from Germany, 
till right up to the revolution.®-®^ 

This was also in keeping with the semi-colonial state of the 
old Russian Empire, which towards the end came almost to be 
in the receivership of foreign bankers and concessionaires. 
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Nevertheless^ despite official disfavour and the lack of oppor¬ 
tunity for native enterprise^ from the days of Lomono¬ 
sov (p. 362) onwards, nothing could stifle the expression of 
Russian genius. All it did was to give it a more revolutionary 
flavour. These considerations, coupled with the barrier of 
language, which drove Russian scientists to publish largely in 
foreign journals, had the effect of obscuring the contribution of 
Russia to science. To the outside world Russian science 
appeared as a somewhat original appendix to German or 
French science. Even in Russia itself the intellectual atmo¬ 
sphere, reacting to official disapproval, tended to disparage 
and even to ignore the national achievement. 

It was only some considerable time well after the Revolution 
that the new Soviet scientists began to rediscover and re¬ 
evaluate their own great tradition. Naturally this tended, 
especially when reported in the Press, to examples of over¬ 
emphasis of achievements, wdiich were immediately seized on 
by professional anti-Soviet writers for ridicule. This was all 
the easier in countries like Britain, w^here the achievements of 
foreigners in general had never raised much interest and where 
Russia was a distant country of which w c knew little. At most 
Mendeleev, Metchnikov (1845--1916), and Pavlov were acknow¬ 
ledged; the real contributions of Butlerov (1828-86), Lodygin 
(1847-1923), Popov (1859-1905), and Zhukovsky (1847-1921), 
were completely ignored.''’*^^ The contrast is even more striking 
in that our essentially feudal and upper-class tradition of history 
in any case makes little of the contribution of scientists and 
technicians, relegating them to a few words at the end of a 
chapter devoted to royalty, soldiers, and politicians. We have 
yet to evaluate what we owe to our own forbears and to make 
the most of our own history. 

The place of social science 

History in general has gained enormously in importance in 
the Soviet Union because it is considered as much a guide to 
the future as an interpretation of the past. On the other hand, 
much that passes for social science in capitalist countries has 
lost its relevance to actual conditions, and remains of only 
historical interest. This includes all that part of social science 
which is implicitly or explicitly a justification and explanation 
of class society. Only a few specialists or officials in foreign 
trade organizations need bother themselves with the details of 
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Stock-market finance^ company law^ or the conveyancing of 
real property. Into the discard too goes much of the bogus 
social science the essential object of which is to boost sales or to 
persuade the worker to behave nicely under exploitation. 

Psychology 

The Soviet Union has no use for industrial psychology in the 
capitalist sense^ or for the psycho-analytic trappings which it 
has recently acquired. There is much psychological study in 
the Soviet Union^ but in so far as it is psychiatric it follows 
Pavlovian lines. For them it is not a question of adjusting an 
individual to a society^ but rather of continually remodelling 
society so that it helps the individual to find his own effective 
place. This is the object of the method of the collective;, 
exemplified in the life work of Makarenko (p. 830). In the 
attack on neurosis and mental disorder they aim at its root in 
society itself, and especially in the productive relations. If every 
man feels and knows his importance to society, and has the 
chance of making his opinion w^cigh in his everyday work, 
much of the inferiority and frustration, which are in fact 
characteristic of capitalism and not of society in the abstract, 
will have nothing to feed on.^-'"^'" 

Soviet economics 

What has been said of psychology applies also in some measure 
to abstract sociology and political science. This does not mean 
that there is no social science, or that the laws of social develop¬ 
ment are to be treated as mere hypocrisies or conveniences. 
Quite the contrary; as Stalin pointed out in what was to be 
his last testament. Economic Problems of Socialism in the USSR: 

Marxism regards laws of science—whether they be laws 
of natural science or laws of political economy—as the 
reflection of objective processes which take place inde¬ 
pendently of the will of man. Man may discover these 
laws, get to know them, study them, reckon with them in 
his activities and utilize them in the interests of society, but 
he cannot change or abolish them. Still less can he form 
or create new laws of science. 

He goes on to explain that this admission of unalterable laws 
by no means limits man’s power over Nature, which grows in 
proportion as those laws are understood. This, he points out, 
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is as relevant for social as for natural laws, and it is impossible 
to alter them—as some enthusiasts in the Soviet Union had 
proposed to do. However^ he points out that social laws are 
not absolute but relative to particular constitutions of society^ 
‘‘ operating for definite historical periods^ after which they give 
place to new laws . . . not created by the will of man, but 
which arise from new economic conditions.” 

It is in political economy that the greatest difTercnces of 
social laws have naturally to be expected. The problems that 
have faced the Soviet Union at various stages of its development 
arc inevitably quite beyond treatment or even formulation by 
capitalist economists. They have, nevertheless, in so far as they 
both deal with real goods made and used by l eal people, some¬ 
thing in common. Soviet economy needs a theory of costs and 
prices as long as commodity production continues there, though, 
as Stalin points out, to a much more limited extent than does 
capitalist economy, where it is the all-in-all. More important 
in socialist economy is the law of balanced development of 
national economy, which finds expression in the yearly and five- 
yearly plans. These proportions have to be found in accordance 
with the basic law of socialism, the expression of its fundamental 
purpose, which is, in Stalin’s words, . . the securing of the 
maximum satisfaction of the constantly rising material and 
cultural requirements of the whole of society through the con¬ 
tinuous expansion and perfection of socialist production on the 
basis of higher techniques.” This he contrasts with the basic 
law of present-day monopoly capitalism which can no longer 
be satisfied with the average profit, which used to be secured 
by free competition, and demands maximum profit, to secure 
which all considerations of welfare at home and abroad arc 
ruthlessly set aside. However much actual benefits may accrue 
to limited sections, and even to workers, under capitalism, it 
cannot be denied that this is incidental to the main objective 
of profit (p. 730). Concessions may be won by militancy or 
granted in good times to forestall it, but the majority cannot 
benefit; the gap between the highly developed and un¬ 
developed countries increases,'^-^^’ and profit remains the 
prime motive power of the whole system. 

A planned economy 

By contrast, socialist countries starting at a far lower level 
have aimed at and achieved a continuously rising standard 
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of production and consumption. It is extremely difficult for 
people in Britain and still more in the United States to appre¬ 
ciate the enormous improvement that has occurred, despite 
the losses and strain of war, in the standard of living. Starting 
from a level of less than a fifth of the British standard, it is now 
approaching that of countries like Italy and France, and rising 
rapidly."Much emphasis is given to the present drive in the 
Soviet Union for improvements in food and consumer goods. 
This is taken by anti-Soviet propagandists to show a radical 
change in policy setting in after Stalin’s death. In fact it is 
only a rapid acceleration of a process that has been going on 
ever since the recovery from the terrible privations of the War 
days. That acceleration itself has been made possible only by 
the sound base that has been laid in heavy industry. Without 
that base the Soviet Union would have been driven to import 
consumer goods and foreign machinery, cars and tractors, in 
exchange for raw materials, and would have rapidly become 
again what Russia used to be—a semi-colony of industrial 
Europe and America (p. 827). 

It is just because this was prevented that the capitalists were 
genuinely furious at the success of the Five-Year Plans and 
the collectivization of agriculture. However, for the benefit 
of those who were still attracted by the idea of socialism, it was 
essential to use the other line of criticism, and to censure the 
plans on account of their speed and the human cost of carrying 
them out. This type of criticism reveals the fatal w eakness, in 
action, of liberalism and social democracy. Though both are, 
to a lesser or greater degree, in favour of some social and 
economic change, they demand in the name of justice and mercy 
that all reforms should be carried out piecemeal and slowly. 
The former is the type of social experiment advocated, for 
instance, by the prophet of the Open Society, Dr Popper.^-^® 
More than a century of experience has vindicated Marx’s con¬ 
clusion that all such restricted experiments are doomed to 
failure from the start. Set in the medium of an existing society, 
the social forces of the unchanged sections will react on those 
of the experimental section and force it into conformity. This 
has happened to every voluntary communist organization, 
from the Oneida community in America to the Kibbutzirft in 
Israel. 

The failure and regression of over-all reform adopted too 
slowly are just as certain as those of such isolated attempts. 
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Regimes with a small socialist element have, in fact, to makt‘ 
such large concessions to the prevailing capitalist mode ol 
production that they lose the advantage of their almost 
infinitely long-term end, and dissipate the enthusiasm that 
would have enabled them to reach it much sooner. As the 
example of Britain has shown, the ‘‘ mixed regime does not 
lead to efficiency and economic progress, but to stagnation. 
The tragedy of social democracy is that for fear of moviiig 
forward too fast it has been forced to move backward at an 
increasing pace, at first in fact and then even in theory. 
socialism preached in the latest Fabian essaysW'ould be 
acceptable under a different label to most capitalists. 

In technical and economic terms there is a minimum rate of 
investment in capital production which is in tlie neighbour¬ 
hood of 6 per cent (p. 683). For any country to invest at a 
slower rate while faster changes arc occurring elsewhere is to 
ensure a rise in the relative cost of production, so that com¬ 
petitive selling becomes more and more difficult and the country 
is driven into an increasing state of backwardness, dependence, 
and foreign exploitation. 

To attempt a slow transformation in which the most con- 
s(!rvative interest is respected is effectively to prevent the 
change altogether under guise of promoting it. This is 
especially true of changes of ownership in agriculture, where the 
power of the strong farmer or kulak, whose favour or ill will can 
make or ruin a poor man, can be shaken only by resolute and 
rapid common action of the poorer peasantry. 

The Soviet agrarian revolution, and the industrial con¬ 
struction which was its indispensable base, could only have 
been put through in a very few years. A slower pace w^ould 
have led to a prolonged and increased dependence of the 
country on the products of foreign industry, and sooner or later 
to the loss of its independence. Moreover, even if it were 
granted that a slower movement might have succeeded, there 
would have been no time for it to do so. Long before it could 
have been ready the Union would have been overcome by the 
Nazi attack, and the civilization of the whole world would have 
received a set-back for many decades. 

The present, post-war, drive to achieve a higher standard of 
consumption without slipping back on the industrial front 
requires a combination of planning based on previous experi¬ 
ence and a close check on the development itself. 'Fhe idea 
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of a socialist economic plan is one of the great contributions 
that, already thirty years ago, the Soviet Union gave to the 
world. It has reappeared in many forms among capitalist 
States, witness the ill-fated Marshall and Colombo Plans, but 
these efforts have little resemblance to the original plans of the 
Soviet Union. The world plan suggests to the enemies of 
planning, and to many more who have been deluded by 
them, that plans are something rigid and artificial imposed 
on society. The Soviet plans never were that; such a concep¬ 
tion would run quite counter to the whole spirit of Soviet life. 
Each plan marks an intention which millionf; of people have, 
through their organizations, co-operated in defining, to carry 
out a common task for the common benefit. In doing so they 
meet difficulties largely unforeseen, but they also see unexpected 
opportunities. In both cases the plan is modified, and the 
people taking part in it are not just executing rigid instructions, 
but are perpetually ready to improvise and accelerate. We, 
with our orderly and slow methods, find it difficult to imagine 
how anything can be done in such a way, but in fact the plans 
liave succeeded: the towns, factories, canals, dams, and rail¬ 
ways have been built, and far quicker than any foreign experts 
thought was possible. The plans are also social-economic 
experiments, from which new data and new laws can con¬ 
tinually be found. One has only to read such a statement as 
that of Malenkov at the Supreme Soviet in 1953 to see 
what a wealth of economic and social considerations go into the 
balance of production and distribution. 

Social responsibility 

Commodity production still exists in the Soviet Union, and 
full communism, with its motto of ‘‘ From each according to 
his ability, to each according to his needs,” has still to be won. 
But already it is apparent that there a new stage in human 
productive relations has been reached, one in which conscious 
and over-all social direction takes the place of the blind 
operations of economic laws under the impetus of the pursuit 
of profit and the fear of starvation. This implies a degree of 
social responsibility new to the world. This has given to the acts 
of governments and administrations at all levels a degree of 
importance which they never had when their function was 
only to keep the ring for the free play of economic forces. 

Naturally derelictions of duty must be looked at more 
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severely, especially the yielding to the impulse to seek private 
advantages, which was a virtue under the old dispensation 
but is one of the worst crimes under the new. It is the failure 
to understand this that is at the bottom of the idea that many 
good people have that the Soviet system is tyrannical, an idea 
that is sedulously fostered by the enemies of the regime. To 
get people to understand and accept social n‘sponsibility, even 
in good faith, is not easy. In desperate times, and there have 
been many such in the Soviet Union in the face of the passive 
and active hostility from abroad, it is often impossible to avoid 
drastic measures and mistakes. If the lives of millions depend 
on plans which a few obstinate and stupid people can block, 
it is not always possible to reason them out of it in time. And 
stupidity is not all on one side; excessive zeal, excessive sus¬ 
picion, have led to many situations that in a perfect world, 
with endless time, might have been avoided. But, as Lenin 
said, “ Mistakes are inevitable—no human being is perfect. 
The important thing is not to make no mistakes, but to make 
only few and small mistakes and to learn from them.” 

The acquisition of social responsibility has already taken one 
generation of education and experience, and the old habits 
still die hard. Nevertheless it is a step that, in a modern 
industrial scientific world, must be taken, not only in the 
Soviet Union but everywhere; to reject it, once seen, is a self- 
mutilation- like the ascetics wdio blinded themselves so as not 
to see the evil of the world. There is no chance of turning 
back. Organization is a necessity to any modern industrial 
State, but without responsibility this effectively puts the fate 
of humanity into the hands of plutocrats and gangsters, of 
whose rule we should by now have had enough experience. 

If men could see the alternatives that were open to them, 
their choice would not be in doubt. As it is, the eficctive 
censorship in the Press and in other means of publicity of the 
material and social progress of the Soviet Union has prevented 
any such knowledge reaching the people outside it. In the 
early formative period little information reached the outside 
world, and what got out was so coloured by anti-Soviet pre¬ 
judice that it gave an impression almost diametrically opposite 
to the truth. It was only for a brief period during the War 
that it was possible for the peoples of the whole world to see 
in some degree what had been achieved in the Soviet Union. 
Then, when people’s lives in Britain depended on the resistance 
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of the Russian armies, there was a deep-felt cry of “ Why were 
we not told of this before ? ” 

The propaganda of the Cold War 

It is a tragic commentary on the power of capitalist propa¬ 
ganda working on the preference of people, particularly 
educated people, for familiar lies over new truths, that the 
lesson of the War record of the Soviet Union has so soon been 
forgotten. Instead of trying to find out how it achieved 
what it did, they are once again, with far less excuse than 
before the War, being led to see the Soviet Union as culturally 
and economically backward, with a government kept in 
existence by ruthless terrorism. Gocbbels’ lies have proved 
more lasting than their maker. "J’hc extent of that belief, 
encouraging others to follow Hitler’s gamble, may cost the 
world the death of scores of millions. For, in fact, the people 
of the Soviet Union, heavily though they suffered in war, have 
advanced to new economic and cultural heights. They are 
stronger and more united, and have used well the lessons of 
industrial organization and social coherence that they learned 
in the struggle. 

x\n educated people 

One aspect of this advance, already alluded to, and perhaps 
the crowning achievement of the Soviet Union, has been the 
move to mass higher education (p. 831). This move, when com¬ 
pleted, as it undoubtedly will be, will have a profound effect on 
science and culture, making them no longer the possession of 
an dite^ but of the whole people. This reform is also of a kind 
that will inevitably make it spread, and not to socialist countries 
alone; other countries, despite their different social systems, 
will try to emulate it. In the Jong run and even in the 
short run of a couple of decades, not only dominance but 
even survival in the world will demand a large output of 
technically trained personnel and a whole population knowing 
enough about science to co-operate actively with them. 
Already alarm has been felt that the output of trained scientists 
and technologists in the United States is falling behind that 
of the Soviet Union.^**^ Attempts to raise it, with the enor¬ 
mously increased prestige given to education and free thought, 
might on the other hand endanger the right-mindedness of the 
class with the know-how. This, at least, is how the American 
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Congressmen sec it when they cut the grants for National 
Science Foundation Fellowships and simultaneously increase 
that for military research.**® They are, indeed, in the same 
dilemma that fkced Hitler when he was forced to wage a 
scientific war on behalf of doctrines which repudiated science. 
There can be no doubt of the ultimate outcome. The world 
is going scientific, and the sooner people see this and act on 
that knowledge the better for them. 


Science in the Soviet Union 

It is in relation to a background of general education and 
the undertaking of great enterprises that we need to see the 
position of science in the Soviet Union today. The atmosphere 
is inevitably coloured by the experience of perils overcome 
after heroic efforts, and a hope of boundless achievement in a 
not-too-distant future. The new Soviet intelligentsia, recog- 
nized now as an integral and highly valued part of the com¬ 
munity, has roots in the people far deeper than that of any 
intellectual elite of the past.**^^®'‘ For that very reason it is still 
in the process of finding its own basis and traditions. It is 
necessary to have these conditions in mind to understand the 
character and the expression of current science in the Soviet 
Union. They go far to explain the search for a ground in 
national tradition, already alluded to (p. 834), and the sus¬ 
picion and hostility to current theories in the capitalist world. 
Fundamentally, this is based on confidence in the people to 
discover the laws of Nature and society and to use that dis¬ 
covery without delay to improve the state of man. For that 
reason the tone of Soviet science is optimistic, urgent, and 
critical of all assertions of the intrinsic ignorance and helpless¬ 
ness of man. 

Controversies in Soviet science 

We have already had many examples in this book of the ways 
in which class-dominated societies have striven to set limits to 
the extent of knowledge and its use. Indeed, the whole rhythm 
of the demand for knowledge by a rising class at the beginning 
of an era, to its suppression at the end by a dominant one, has 
been one of its major themes. We have also seen something 
of the degree in which the preoccupations of class interest, 
conscious and unconscious, have entered into and coloured 
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the theoretical basis of science at all ages. This bias is found 
to be far more evident when seen from outside the system, and 
a regular campaign has been waged in the Soviet Union 
again bourgeois theory in science, of which the genetics con¬ 
troversy is the be3t-known example. Here, as we have seen 
(pp. 665 f.), multiple factors—the association of deterministic 
hereditary theories abroad with race theories and Nazism, 
the abstractions and practical ineptitude of orthodox genetic 
theory—have led to its abandonment after a long debate in 
favour of the theory and practice of the Michurin-Lysenko 
school. This is represented, sometimes vindictively, sometimes 
sadly, by Western scientists as an imposition on scientists of 
dictation by State organs, inspired by narrow-minded meta¬ 
physics and by the more perverse desire to ruin Soviet agri¬ 
culture as well as Soviet science.®-''^ These views cannot 
be sejuared with the wcll-documc'nted history of the contro¬ 
versy. This shows that the initiative for the change came from 
scientists, that the discussion was carried out among scien¬ 
tists, and that it was only when relevant scientific opinion had 
been convinced of the necessity of the change that administra¬ 
tive decisions to alter teaching and research methods were 
taken. Even now the matter is not closed; discussions on 
genctical theory and on the nature of evolution are continuing 
and other and newer views will probably emerge. 

The controversy on linguistics 

Other controversies, such as those on resonance in chemistry 
and indeterminacy in physics, have also led to prolonged 
discussion and changes in teaching; but here the subjects 
have been so abstruse as not to lend themselves to the same 
extent to anti-Soviet critics. One such controversy has 
received great attention, that on linguistics, which led to the 
personal intervention of Stalin, since it was a question which 
interested him specially. Stalin’s intervention “ Concerning 
Marxism on Linguistics ” remains a document of great 
theoretical and practical importance, and has implications far 
wider than the question that gave rise to it. This was as to 
whether language was always a class language, so that, like 
religion and philosophy, it represented part of the ideological 
superstructure erected in defence of the ruling class of the day. 
Professor Marr, the most influential of Soviet philologists, 
had maintained this thesis. Stalin vigorously opposed it, and 
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Stigmatized the disciples of Marr as imposing conformity in 
philology by arbitrary methods. 

Stalin’s main argument was that languages were common, 
not class productions—“class” dialects and jargons notwith¬ 
standing. They served the people as a whole, and thus could 
not be part of the superstructure. To argue otherwise was to 
split society in a way that was the very negation of Marxism, 
“ At one time,” Stalin goes on, “ there were ‘ Marxists ’ in our 
country who asserted that the railways left to us after the 
October Revolution were bourgeois railways, that it would be 
unseemly for us Marxists to utilize them, that they should be 
torn up and new, ‘ proletarian,’ railways built. For this they 
were nicknamed ‘ troglodytes ’.” This implication goes much 
farther than language: it applies clearly to science and tech¬ 
nique in general. Natural science as a whole can equally not 
be called part of the ideological superstructure, nor can social 
science, despite the much larger element of class bias which it 
contains. The business of the Marxists, according to Stalin, 
is not to destroy and build afresh but to master, reform, and 
extend the technology and science of the past, which, though 
a legacy of capitalism, contains the main stock of the human 
understanding and control of the world. 

What this means in practice is shown by the great enterprises 
of the transformation of Nature at present being undertaken 
in the Soviet Union, which have already been discussed in 
their technical aspect (pp. 677 f.); their social aspect is of even 
greater interest. Under capitalism, absence of profitability, 
property restrictions, and vested interests, usually manage to 
block any enterprises of this scale—as witness the long struggle 
over the St Lawrence sea-way. There the only large projects 
are those for purposes of war. It is therefore natural to imagine 
that the gigantic engineering feats of the Soviet Union can be 
carried out only through the power of an overriding State 
machine, that they come about by orders from above which are 
executed by slaves. 

The facts arc very different. In the first place, the original 
plans are necessarily the result of the close co-operation of 
many scientific disciplines, while their actual execution is a 
vast co-operative enterprise involving not only the workers on 
the sites but also men and women from all over the Union. 
Even children have their part, for instance, in picking up 
acorns in the woods of the north for planting in the new forest 
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belts of the steppes. As to the heavy work itself, it could not 
have been carried out in the time, even if all the millions of 
people who, according to the anti-Soviet propagandists, die 
every year in the prison camps, had been drafted to the job. 
It did, in fact, depend on the use of giant machines, suction 
dredges, drag-line excavations, the products of Soviet heavy 
industry, now capable of working on the scale of the natural 
agents that formed the mountains and rivers. 

The value of the individual 

The central guiding principle of socialist life, on the way to 
becoming communist, is that the value of an individual is so 
great that everything must be arranged to enable him to make 
his maximum contribution to the common effort. It is only 
where the Marxist philosophy is understood and fully applied 
that the man can reach his full stature. Under capitalism, 
for all the boasted respect for the individual, only a tiny 
fraction of human capacities arc utilized. There, frustration is 
the rule; men do not come forward with their ideas, for fear 
of being snubbed or cheated of their rights. They do no more 
work than they need for as much as they can get, because they 
know the boss is trying to get as much work out of them for 
as little as he can pay them. Neither education nor social 
custom prepares them to be valued by what they can give, 
rather than by what they can take from society. It is in the 
Soviet Union, and now also in the other socialist countries, 
that we can begin to see the result of freeing men and women 
to work not for bare livelihood, not for individual gain, but for 
the community. 

This is no abstraction, no service to an impersonal, distant, 
and terrifying State, as the enemies of the Soviet Union want 
people to believe. It is made immediate, concrete, and per¬ 
sonal by the form of social organization in which fellow workers, 
in voluntarily associated teams and brigades, engage in 
common tasks, find new and easier ways of doing them, and 
engage in friendly competition with each other. New ideas, 
instead of being jealously monopolized, are broadcast. Whole 
societies of worker rationalizers who improve methods of work 
in detail, and of worker innovators who suggest radical changes, 
have grown up and work in co-operation with technical ex¬ 
perts.®-Techniques change rapidly, so do the forms of 
social organization. The Soviets—spontaneous locally elected 
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councils of workers, peasants, and soldiers with executive powers, 
were the first of such accepted improvisations. The move¬ 
ment which links together groups of collective farms for com¬ 
mon services and amenities is one of the latest. 

Social experimentation 

These methods of working together, these innovations, get 
their strength from their spontaneity. They are none the less 
the result of wide experience and deep thinking. In them¬ 
selves they represent the most valuable contributions to social 
science. These are the genuine experiments which give it its 
full status, because, unlike the timid and limited experiments 
carried out by managers and administrators under capitalism, 
they arise from the people to whom they apply. Here, in 
Engel’s phrase, “ man will himself, more and more consciously, 
make his own history.” Such a continuing transformation 

of society cannot take place without conflict; indeed it arises 
and can only arise from recurrent contradictions. 

From revolution to discussion 

Building a communist society, like achieving socialism, in¬ 
volves a struggle. It is not a process describablc in advance, 
but has all the time to build on its own experience. The form 
of this struggle, however, need involve no violence. With the 
achievement of a socialist system, where men are in conscious 
control of their fate, the form of social movement is changing 
from physical conflicts between groups to discussion, argument, 
and careful taking of thought in the minds of individuals.®*^®^ 
Stalin emphasized the same necessity in his discussion on lin¬ 
guistics (p. 843), where he stressed the need for a battle of 
opinion and freedom of criticism. Everything that has hap¬ 
pened since his death shows that this tendency has continued 
and grown stronger. This docs not mean that all opinions can 
stand on an equal footing, nor that in the epoch of the Cold 
War the dangers of capitalist ideas can be overlooked. Never¬ 
theless, the transition from social conflict to argument is at length 
beginning, and its extension may well prove a good augury not 
only in the Soviet Union but also in the rest of the world. 

From Socialism to Communism 

It is impossible to understand the new civilization of the 
Soviet Union merely in terms of its history or of its present 
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State. For it is essentially a society with a purpose, that 
of achieving within a lifetime the complete transformation, 
of which the revolution of 1917 was only the first step: the 
transition from Socialism to Communism, llie Soviet peoples, 
undeterred by the threat of the Cold War, are again taking up 
this task which Hitler’s aggression had forced them to postpone. 
The economy of communism is not something that can be 
established by a simple act of will. Between the stage of 
capitalism, “ to each according to his wealth,” and the com¬ 
munist “ to each according to his need,” there must necessarily 
be a socialist stage: “ to each according to his work.” It is 
only in that way that, starting from the inequitable and dis¬ 
torted productive system of capitalism, the productive machin¬ 
ery capable of providing all those needs can be built up. 
Marx had long ago foreseen the necessity of this intermediate 
socialist stage. He realized what the Utopians of his day did 
not: the need of a society to be materially rich before it can 
afford the more generous scale of distribution of goods and 
services that full communism demands. In his Critique of the 
Gotha Programme (1875), Marx indicated with great clarity the 
character of communism and the conditions that would have 
to be met before it could be achieved: 

In a higher phase of communist society, after the en¬ 
slaving subordination of individuals under division of 
labour, and therewith also the antithesis between mental 
and physical labour, has vanished, after labour has 
become not merely a means to live but has become itself 
the primary necessity of life, after the productive forces 
have also increased with the all-round development of 
the individual, and all the springs of co-operative wealth 
flow more abundantly—only then can the narrow horizon 
of bourgeois law be fully left behind and society inscribe 
on its banners: from each according to his ability^ to each 
according to his needs.^-'^^^ 

How long that transition to communism will take will de¬ 
pend on the degree to which the peoples of the Soviet Union 
are left to work out their own constructive purposes without 
destructive interference from the capitalist part of the world. 
In Stalin’s Economic Problems^ we find much discussion on the 
conditions necessary for the transition to communism. He 
had been moved to set them down because of the tendency, 
natural enough in the optimistic and not very experienced 
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younger generation, to think that nothing was impossible to 
the new society, which could, they imagined, change the laws 
of economics and bring in communism by a simple declaration. 
Stalin reasserted the objectivity of economic laws and laid down 
three main pre-conditions for the transition to communism. 

The first of these is a continuous expansion of social pro¬ 
duction, particularly of the basic industries on which all 
others depend. The second is the development of the collec¬ 
tive farms, which will make it no longer necessary, as is at 
present the case, for them to produce for a market. The 
combined aim of these two conditions is the production of 
abundant material wealth. Only a really wealthy community 
can afford to be communist, can afford to give away its wealth 
where it is needed, and not use it in part as an inducement to 
some people to produce more than others. Abundant wealth 
would be of little value without the satisfaction of the third 
condition, the rapid cultural advancement of society. This implies 
an education on all levels suflicicnt to provide “ for all members 
of society the all-round development of their physical and mental 
abilities . . . and enable them to be active agents of social 
development in a position freely to choose their occupations 
and not be tied all their lives owing to the existing division of 
labour, to some one occupation.” 

These are not mere aspirations, but part of a programme that 
is being carried out stage by stage. I’he educational develop¬ 
ments already referred to show that the third condition is not 
left till last, but is being met at the same time as the trans¬ 
formation of industry and Nature is being undertaken. The 
future communist State is felt to be something worth working 
for here and now. It is no longer a distant Utopia, but a 
visibly obtainable arrangement of society, the way to which 
can be charted with ever-increasing precision. It gives to all 
the peoples of the Soviet Union something to work for that 
satisfies not only their material needs, but also their sense of 
justice and human dignity. And they can work for it in the 
confidence that they or their children will achieve it in reality. 
Nor is its importance limited to the Soviet Union. What they 
have done already has stirred the people, the oppressed and 
working people, of the whole world. The Soviet peoples have 
shown a way forward and proved that it can be followed. 
The more closely they approach their goal, the higher their 
effective standard of material and cultural life, the more 
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certain it is that they will not be alone, despite everything their 
enemies can do. 

13.8-'r//£ PEOPLES^ DEMOCRACIES 

The Soviet Union is no longer the only socialist country in 
the world. Between the wars the countries of eastern Europe, 
for the most part new States, carve^d out of the old Turkish, 
Austrian, German, and Russian empires, were in the hands of 
a landowning and commercial oligarchy deeply committed to 
foreign capitalists, first Anglo-French, then German. They 
were absorbed or conquered early in the War or pressed into 
the Nazi service for the invasion of the Soviet Union. When 
the German armies were rolled back by the Red armies the 
peoples of those countries were at the same time liberated from 
the Nazis and from their old ruling class, who had collaborated 
with them. 

The governments formed after the liberation w^ere of a mixed 
character, the main strength of which lay in the elements 
which had supported the resistance to the Nazis, mostly but 
not exclusively industrial workers and poor peasants. To 
these were joined at fii'st elements of the old liberal and peasant 
parties not too marked by collaboration with the Germans but 
essentially bourgeois and relying on British and American 
support. After a few years’ trial these governments proved 
unworkable. The bourgeois politicians were able to hold back 
the large-scale reconstruction that would alone enable the 
countries to stand on their feet economically. The workers and 
peasants prevented a return to the former capitalist economy 
except in Greece, where British armed forces and American 
military aid imposed an openly reactionary government. 

As the international situation drifted towards the Gold War, 
compromise became no longer possible, and popular feeling, 
expressed by its most politically conscious sector, the organized 
workers, imposed the choice of the socialist road. It was not 
an easy one. All the problems that faced the early Soviet 
State were also here: devastation, hunger, a small and divided 
technical and administrative intelligentsia, the still-living 
tradition of capitalism in the traders and big farmers. But 
with the lesson of the Soviet Union behind them the period of 
recovery was far shorter. In the few years that have elapsed 
new and healthy societies are growing materially and culturally 
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Stronger every day. Cities arc rebuilt, Victories rc-equipprd, 
agriculture mechanized, and a new popular educational sy.simi 
is in full swing. 

The sharp exacerbation of the Cold War for which the 
Korean war served as an excuse has, however, imposed a 
double strain on the eastern European countries. On the 
one hand they have been exposed to an intensified barrage of 
subsidized intervention—the US spends Sioo million a year 
on subversive activities in these countries—ranging from 
propaganda to the dropping of forged notes from balloons and 
the arming of saboteurs. On the other hand the trade with 
western Europe, to wliich their economies had been geared, 
was virtually strangled by American policy. In these circum¬ 
stances it w^as a necessity for survival to achieve economic inde¬ 
pendence in the shortest possible time. As nearly all the 
countries in eastern Europe liad in the old days been essentially 
semi-colonial producers of raw materials with an industry 
limited to mines and consumption-goods factories, this meant 
effectively building up heavy industry from scratch, using for 
the most part local materials and re-trained peasant labour. 
The rate of investment was high, and this inevitably reacted on 
the rate of improvement of the standard of living. There were 
great difficulties due to lack of experience and equipment. 

Yet these difficulties have been overcome, and ever since 
1953 the increased strength of the Soviet Union and the New 
Democracies has enabled their governments to increase the 
ratio of consumption to production goods and case the strain 
on sectors of the population. The opponents of socialism sec 
this as a beginning of the end, and talk of a retreat to a free 
economy, of which 'I'ito’s Yugoslavia provides such a shining 
example. People may remember, however, how often such 
predictions were made in the early days of the Soviet Union, 
and how vainly their fulfilment was awaited. If war can be 
avoided, the intrinsic long-term superiority of the socialist 
system will show itself, and the sacrifices of today will be 
reaped in the benefits of tomorrow, as the example of the Soviet 
Union already amply shows. 

The fact that some of these countries contained a highly 
developed bourgeoisie and intelligentsia is of particular 
significance. A disaffected minority of these tried to cling to 
their privileged position and fled to the Americans when they 
could. The great majority of them, however, found in the 
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new States opportunities for initiative and skill they had never 
previously known. Scientists, in particular, have had for the 
first time the chance of unlimited space, equipment, and students. 

I have on many occasions in the last few years visited Poland, 
Czechoslovakia, and Hungary, and have seen something of the 
new burst of activity in the scientific field. The physics 
laboratories of Warsaw University, for instance, are better 
equipped than any in Britain, and only yield place to those of 
the USA and USSR. Yet they were entirely reconstructed 
from the ruins left by the Germans. In Vestprem in Hungary, 
where there has been no university since the Turkish conquest 
in the sixteenth century, a new technical university has been 
created in three years, where modern chemical engineering is 
being taught to the sons of peasants in still unfinished labora¬ 
tories which they are helping to build. The breakdown of 
class barriers, particularly in education, has liberated such a 
wealth of' new talent and capacity that the deficiencies in 
administrative personnel will be quickly repaired, and new 
large-scale enterprises, which will completely transform the 
economics of these countries, arc already being undertaken. 
What this proves by practical demonstration is that the latent 
constructive capacities of populations under capitalism are far 
greater than they have had any chance of developing, and 
that the peoples of all countries arc quite capable of realizing 
them by themselves, the moment they arc free to do so. 

Storm over Asia 

This lesson is by no means restricted to advanced or 
“Western” industrial economies. Already in the years 
before the war the medieval emirates of Central Asia had 
been transformed by their own peoples, with generous material 
assistance from the Russian Republics, into advanced States 
comparable in economic development and culture with many 
European countries. In the early years of this process of 
transformation Soviet Russia invested far more than she 
received in return, and this was not limited to the railways, 
mines, and elementary processing plants which form the 
capital exports of the old imperialist countries. It included 
the mechanical equipment for a balanced heavy and light 
industry and agriculture. Nor, as in our Empire, were such 
industries worked by “ native ” labour under foreign super¬ 
visors for the benefit of distant investors. The whole labour 
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force, unskilled and skilled, and the management were drawii 
almost exclusively from the peoples of the country, trained in 
their own schools, technical colleges, and universities. On tlic 
basis of their productive industry and agriculture a whole new 
culture has been grafted on to the old traditional roots. Litera¬ 
ture, drama, and the arts arc vigorously pursued, and the 
people are not only learning science but contributing to it 
through their own scientific academics.®* Even the nomadic 
tribes of the far north-east arc building a new^ culture for them¬ 
selves along the same lines. 

The People's Republic of China 

Eclipsing all these in importance is the self liberation of the 
great Chinese people from centuries of feudal and colonial 
oppression, and the setting up in 1949 of the People’s Republic. 
Here the transition from old to new w'as far greater than in 
European Russia, and though it had the same Mai'xist inspira¬ 
tion, it came about in a way all its own. The new regime was 
one long prepared, with its roots deep in the traditions of the 
Chinese people. It is a logical develoj)ment of the three 
principles of tlie liberator Sun Yat Sen. For ov(*r thirty years, 
in struggles first against imperialism and the Chinese feudal 
war lords, then against Chiang Kai-Shek and his betrayal 
of the Revolution, then, after the Long March, against the 
Japanese and, to end with, in the victory over Chiang and 
his American backers, the Chinese Communist party and its 
allies have learned the task of self-government the hard w\ay. 
They learned in these years the needs of the people and the 
extent of their courage and tenacity. 

Now at last, despite American intervention, the people have 
been given the chance to work out their own salvation. And 
they are doing it with a will and a cheerfulness that no trials 
have repressed. Already in four short years, and despite the 
diversion of effort necessitated by the Korean war, they have 
achieved more in reconstructing the economy of the country 
than any Chinese government since the time of the early 
emperors. Their great river control schemes have already 
been mentioned (p. 679). These are only a part of a process of 
transformation, starting with heavy industry, of the whole of 
Chinese economy, within a generation, to the level of the most 
advanced industrial State. There is every reason to suppose 
that, despite the worst their enemies can do, they will succeed. 
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The conditions arc favourable: an enormous industrious popu¬ 
lation, a wide expanse of undeveloped country in the west, almost 
unlimited resources of water-power, coal, oil, and minerals. 

The transformation has not, as it had in the Soviet Union, 
to wait the triumph of the socialist revolution. A large section 
of Chinese business men, exasperated by the inefficiency and 
corruption of the Kuomintang regime, have rallied behind the 
Republic. The four stars of its banner represent the four 
groups of workers, peasants, intellectuals, and patriotic business 
men. The greatest change has been that of giving land to the 
peasants, releasing a new flood of human energy, but one 
which will be controlled in the common interest. 

In its social aspect the CUiincse experiment is of enormous 
importance because here, undc^r conditions very different from 
those in Russia, a whole vast people has to discover and create 
a new and viable social form to fit the attainment of inde¬ 
pendence and the achievement of prosperity. Already local 
initiatives, guided only in the most general way by Soviet 
experience but operating on a common plan, have found, in 
advance of full industrialization, means of co-operating in 
soil reclamation, transport, and light industry. I'he Chinese 
industrial co-operatives, even in the days of the War, showed 
what a gifted and hard-working peoples could do without any 
assistance from outside. Now that assistance will be forth¬ 
coming in greater and greater measure they will quickly 
forge ahead.®- 

The cultural achievements of the new Republic have been 
astonishing considering the usual slowness of cultural growtli. 
It can only be explained by the fact that here the revolution 
did not so much create as liberate the fund of learning and art 
latent in the age-old civilization of China, but held down for 
years by foreign domination and native corruption. Nearly 
all the intellectuals of China, who have preserved through all 
the bad times the heritage of Chinese culture and are blending 
it with modern sciences, arc enthusiastically supporting the new 
regime. They are finding a new satisfaction in working for the 
people and bringing to them the culture that had for thousands 
of years been the monopoly of aristocratic families. 

Mao Tse-Tung 

Many of the leaders of the revolution were themselves 
distinguished scholars. The President, Mao Tse-Tung, is a 
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poet and philosopher. His studies of Marxism and the use to 
which he put them show how well he understood the way to 
adapt the teachings of Marx and Lenin to the conditions of a 
semi-colonial country. Like Lenin, he appreciated and 
experienced the immense value and strength of the common 
people. Comparing them to the refined intellectuals with 
whom he studied he writes: 

Whenever I compare unreformed intellectuals with 
workers, peasants, and soldiers, I realize that not only the 
minds of those intellectuals were unclean but th^it their 
bodies were unclean. The cleanest people in the world arc 
the workers and peasants. Even though their liands may 
be soiled and their feet smeared with cow-dung, neverthe¬ 
less they arc cleaner than the bourgeoisie and petty 
bourgeoisie. That is what I mean by a transformation 
of sentiments—a changing over from one class to another. 

In his works he has set out the social and cultural, as well as 
the industrial and agricultural, tasks of the regenerated 
country. In his best-known pamphlet, Concerning Practice, he 
says: 


All genuine knowledge is derived from direct experience. 
One cannot, however, directly experience all things, in 
fact a large part of knowledge is a product of indirect 
experience, such is all the knowledge of ancient epochs 
and foreign countries. This knowledge is a product of 
the direct experience of ancient peoples and foreigners; 
if the direct experience of ancient peoples and foreigners 
is in accordance with the conditions of which Lenin spoke 
—of scientific abstraction, and is a scientific reflection of 
what objectively existed, then this knowledge is reliable, 
in the opposite case it may be unreliable. 

Hence a person’s knowledge is composed of two parts: 
direct and indirect experience. At the same time, that 
which is indirect c^nDericnce for me remains direct experi¬ 
ence for others. Consequently, when speaking of the 
totality of knowledge, it may be said that no kind of 
knowledge can be divorced from immediate experience. 

. . . The Chinese have an old saying: “How can one 
capture tigers without going into the tiger’s lair? ” This 
saying is true for the practice of people, just as it is true 
for the theory of cognition. Cognition, divorced from 
practice, is unthinkable.®-^®^ 
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The Vice-President of the Republic and President of the 
Chinese Academy is the historian and author Kuo Mo-Jo, also 
a man of the widest culture, who has succeeded in bringing the 
best of the old literary tradition of China to life and showing 
the people that in the work they are undertaking today they 
are following faithfully the precepts and practices of their 
ancestors in the great and constructive periods of Chinese 
history. The production in 1942 of Kuo Mo-Jo’s play Chu 
Tuan, based on the life of a poet and patriot of 2,500 years ago, 
had an important effect in rallying the intellectuals. Archaeo¬ 
logy, in particular, has been given a new impetus, and many 
unsuspected relics of the past have been brought to life. With 
this goes a widespread effort to bring home to all the people, 
and not merely to scholars, the value of their cultural heritage. 

Literacy, education, and health 

Already the practical expression of the new cultural move¬ 
ment is making itself evident. The first requirement, literacy, 
is being tackled with such energy that we may expect within 
a few years that all but a few per cent of the population of China 
of over 600 million will have learned to read and write, and 
that within a generation the majority will have secondary 
education. In the process there has already been a great 
simplification of the beautiful but complicated vSeript, and 
promise of more changes to come. 

Without even waiting for literary education, dirty and smelly 
Chinese cities and villages have been drained, cleaned, and 
brightened as the result of popular health education (p. 686). 
Inoculation and other health measures will soon wipe out 
endemic plague, smallpox, malaria, and filariasis. This in 
itself will release a new fund of human energy for reconstruc¬ 
tion. What is certain is that, with the advent of a capable, 
progressive, and fully independent government in China, the 
world, and particularly Asia, has received an enormous 
impetus to constructive policies and away from the old cycle of 
colonial imperialism and war. It shows that an eastern 
country can achieve full equality with a west which had only 
the accident of earlier industrialization, and that it can do so 
without the slavish imitation of the vices of the West, as was 
twice to be the fate of Japan. The lesson is already being 
learned in India and by the rest of the 1,000 million poverty- 
stricken people, the under-privileged ” of the ‘‘ free ” world. 
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i 3.9_77/£ future OF THE SOCIAL SCIENCES 

The contrasted picture of two social sciences, one drawing 
its inspiration from Marx, the other linked with the fate of 
capitalism, is characteristic of our divided world. But it does 
not, as I have already explained, imply the perpetuation of 
this division, nor mark an abyss that the social thinkers on one 
side or the other cannot cross. In the first place Marxist 
thought is by no means limited to the new socialist countries, 
but is being developed in every country in the world today. 
Further, workers in the social sciences, just as those in the 
natural sciences in all countries, arc heirs to a common tradition 
which they may interpret in different ways, but which should 
enable them to understand each other. 

When wc talk of the future of the social sciences, that future 
must be seen against the social background of the future of 
civilization. If another annihilating world war can be avoided 
—and the peoples of the world should be able by their united 
action to prevent its outbreak—we may expect for many 
years the continued existence of two contrasting economic 
systems. To maintain that coexistence will involve a great 
increase in trade and cultural exchange between the systems. 
This should remove at least the grosser misconceptions of social 
thinkers about their colleagues of a diflerent persuasion. It 
cannot and should not lead to uncritical acceptance, but to 
a criticism carried out rationally and not with atomic 
bombs. 

The criticisms made here of the social sciences in capitalist 
countries are not aimed against those who are honestly trying 
to probe deeper into human relations in society. They strike 
rather at the system which, almost automatically, distorts and 
perverts all such pursuit of knowledge to serve limited and 
mean ends. Just because the social sciences deal more directly 
with human life than do the natural sciences, they are, for the 
moment, in the countries of Western Civilization, more securely 
tied to the defence of privilege and the preparation for war. 
Nevertheless, sooner or later the growth of the social sciences 
will have effects that their promoters have not intended. It 
is impossible to use, still le.ss to develop, any science without 
bringing out the latent possibilities for fundamental criticisms 
which it contains. It will be in the struggle to liberate their 
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disciplines and to bring out the implications of their criticisms 
that the new social sciences will find their appropriate forms. 

The world outlook of the capitalism of today is not one of 
aspiration to a brighter future but one of desperately clinging 
to present inequalities that can be glossed over but cannot be 
indefinitely preserved. In so far as the social sciences reflect 
the values of capitalism they are inevitably bound to regress. 
They may well go even farther in their apologetic and mystify¬ 
ing role, and add many new chapters of statistics and logical 
and psychological analyses, but all to no particular purpose. 
While they are doing so there will be in the capitalist world 
an ever-increasing and irrepressible growth of critical social 
science based on Marxism, because it is only Marxism that can 
give any intellectual content, coherence, and perspective to the 
understanding of social affairs. In the socialist countries, old 
and new, the development of social science will take a still 
more positive form, linking ever more closely with the economic 
and cultural achievements of society itself. 

As long as the Cold War lasts the Marxist and non-Marxist 
trends will diverge, but nothing can stop the influence of the 
trend that is most closely tuned to actual events in the world. 
Therefore in discussing the future of the social sciences it 
would be idle to attempt to forecast the phases of decay and 
regression of bourgeois thought; in the social sciences, far more 
completely even than in the natural sciences, the bourgeois 
interpretation, for lack of contact with reality, will wither and 
disappear. This docs not mean that any of the valuable 
traditions of past learning need be lost. On the contrary, we 
have already seen enough in the last few years to realize how the 
application of Marxist understanding can give these traditions 
a new life and both extend and deepen their meaning for us. 

A new science of history 

It is only when Marxist criticism is brought to bear on 
history that the multiple and confused stream of events in 
human societies begins to acquire a significance far greater than 
was apparent to the classical or the scientific historian, or even 
to the people of the times described. History now shows an 
intelligible pattern, and is not just “ sound and fury signifying 
nothing.” Great events like the Renaissance, the Reformation, 
and the French Revolution become more fully intelligible and 
fall into place as phases in a more extended class struggle. 
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Even the history of the ancient world, which has been the 
dullest and most severely limited field for pure scholarship, 
appears as a lively scene of social conflict, bringing out in a 
simplified form many of ihc economic factors that arc difficult 
to find in the greater complexity of our modern civilization. 
It is possible to show in classical history that the whole of 
civilization, not only the political and economic events but 
also the philosophy and the aesthetic achievements, is all linked 
together in one unity, and thus all acquire a deeper and more 
immediate significance for us today.-*"’ 2*^* 2*^’^’ 2*^®’ 

In the light of materialist dialectic the motives and move¬ 
ments of the past come to life. The very controversies that its 
introduction has stimulated have contributed to new researches 
into facts and a sharpening and clarifying of arguments. 
Indeed already the work of Marxist historians is felt all over 
the field of history. The only way to escape its influence is to 
reduce history to personal trivialities or to return to a divine 
providential view that was outmoded even in the eighteenth 
century and that is not taken very seriously today, even by 
professed believers. 

An enhanced significance is also being given to the auxiliary 
sciences of archaeology, philology, and anthropology. The 
ninteenth century was a great period for discovering the re¬ 
mains of the past, the habits of existing primitive people, and 
the enormous range in space and time of human languages; 
but as long as simple description was the only discipline that 
could be used these remained interesting but meaningless. 
The clues to the study of man and his evolution are the clues 
of social and economic factors, of conflicts and of the splitting 
of homogeneous societies into classes giving rise to new social 
and economic forms. The whole range of human history, 
stretching back to the very origins of humanity, now begins to 
acquire an importance of a difl'erent order from that which it 
had in the past. It is needed in understanding our present 
society and to mould a future one. 

A new practical sociology 

Sociology, which is the anthropology of modern societies, is 
the science most closely tied to the capitalist machine. Its 
function has been to analyse social, political, and industrial 
situations in order to secure the easier running of the system. 
It has also had the task of explaining the system in a way that 
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will justify and even do it credit. It had therefore above all to 
avoid serious criticism. Yet it is precisely in the direction of 
such criticism that lies the only hope for sociology, if it is to be 
considered a science and not mere window-dressing. Indeed 
it is not difficult to find subjects for criticism; what is difficult 
is to find the courage to make the criticism and any means of 
getting it published. But the honest sociologist has an ally 
much stronger than his present employers. The people know 
well enough that they arc being held down and cheated. What 
has not been so clear is how the system operates or what can be 
put in its place. In the future, as in the past, the people will 
support those who can help to find these things out and explain 
them simply and clearly. 


Psychology in a class society 

Of the future of psychology it is not necessary here to say 
much. Certain parts of the present area of the subject, such 
as the psychology of sensation and nervous control, belong 
essentially to biology and may well advance along existing 
lines, though here far more attention will have to be paid to 
the work of Pavlov and his school. The major part of psycho¬ 
logy is only the reflection of society on the lives and feelings of 
the individuals who are shaped by it and in turn contribute to 
changing it. Present-day psychiatry in capitalist countries 
may, by analysis, drugs, or operation, palliate some of the ill- 
effects of society on the individual; but this cannot touch the 
causes of the trouble. The science on which these practices 
arc supposed to be based show^s all the signs of suffering from 
the same limitations. It cannot escape them without rejecting 
the deep-seated errors which arise on the one hand from abstract 
reasoning based on individual introspection, and on the other 
from purely biological analogies. Such a rejection immediately 
links psychology with a more general criticism of society, which 
in these days must lead to Marxism. The full development of 
the psychology of the future can occur, however, only when 
social practice can be linked with theory, and therefore only 
in a socialist and classless society. 

Applied social science : law 

The whole group of practical social sciences—law, politics, 
and, youngest of all, economics—were themselves social 
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products, and have in their times shown a vitality correspond¬ 
ing to the importance of the social function they fulfilled. But 
under capitalism, in all cases, that function has tended to 
become a negative one. Law is, as we have seen, completely 
parasitic on a political and economic system, so much so that 
it is not surprising to find the most fanatical defenders of the 
system, either in its naive “ conservative ” or its sophisticated 
“ labour ” form, among the lawyers. Law, in fact, is so 
wrapped up in property and property relations that in its 
present form k can hardly survive the alteration that a genuine 
economic revolution would bring. It has accordingly become 
one of the most arbitrary and unscientific branches of social 
studies. In law, more than in any other social field, it has been 
advisable not to look too closely at foundations, not to attempt 
any rationality or scientific approach, and never to experiment. 

Marxist criticism of law demonstrates its historically relative 
and class character, and the hollowness of claims to its absolute 
and universal jurisdiction. The range of interest of the law 
had grown continuously with capitalism to cover almost every 
aspect of social relations (p. 720). In a Socialist economy the 
place of law is necessarily more restricted. Civil law, con¬ 
cerned principally with property disputes, largely vanishes, and 
criminal law, once the strains of counter-revolution and foreign 
intervention are overcome, becomes largely a social service for 
the adjustment of overstrained personal relations and anti¬ 
social behaviour. At the same time there is in administration 
ample scope for the high intellectual qualities and traditions of 
the lawyer of other days. 

Political science 

With politics the situation is somewhat different. Political 
science as hitherto taught has very little claim to status as a 
genuine science. Political practice under capitalism has been 
a mixture of secret financial negotiations and open demagogy, 
most blatant and ill-concealed in the United States, more polite 
and difficult to detect in the older and more sophisticated 
capitalisms of Britain and France. A science invented to deal 
with politics is necessarily under an overwhelming pressure to 
justify this state of affairs in learned language. It serves 
largely to perpetuate the illusion that words such as democracy 
and the two-party system correspond with some fixed and un¬ 
surpassable ideal. 
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The discrepancy between an ideal theory of politics and the 
actual practice of politicians leads to a general scepticism of 
politics. This scepticism can be effectively played on by those 
politicians who are not in the gang themselves, but who would 
like to be, and is a fertile source for Fascist ideas. In a society 
that is, as a whole, seemingly purposeless and effectively con¬ 
trived to afford the maximum profit to a few, it becomes 
indiscreet to inquire too closely as to the economic foundations 
of political action. It is accordingly useless to expect a critical, 
still less an experimental, political science to be blessed by the 
authorities. Only in the ranks of those who are fighting 
against the system can such science be found. To be effective, 
political science cannot be separated from political action on 
the one hand and a general economic and social analysis on 
the other. In the future political science will be neither an 
academic description of social dynamics nor a manual for 
successful politicians, but a part of the education and practice 
of every citizen. 

Economics between capitalism and socialism 

Of the relatively new science of economics we have already 
spoken, especially of its effective bankruptcy in a period of 
monopoly capitalism with its alternations of crises and wars. 
The mechanisms of control of economic factors are not in the 
hands of the economists, who, for the most part, have to be 
content to be the chroniclers of the decay and collapse of the 
system which they are serving. In so far as that description 
and analysis is honestly carried out and does not seek to hide 
the true state of affairs, or to propose remedies which are bound 
to prove mere short-term palliatives, the economist will con¬ 
tribute to the founding of a better society. 

Towards a new social atmosphere 

The atmosphere that of recent years has weighed heavily on 
the social sciences can be fully dispelled by socialism and in 
part by the struggle to achieve it. The illusion and hypocrisy, 
the brutality and despair that underlie so much of our present- 
day thoughts, can be turned into their opposites (pp. 847 f.). 

There is no need for illusion once we admit the central task, 
which is to increase man’s mastery over Nature through learn¬ 
ing its laws. In carrying out this task man frees his own 
powers and transforms himself in transforming Nature. This 
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implies that the world is knowable, and througli knowledge 
controllable. 

There is no need for hypocrisy once man admits the plain 
evidence that the society of the capitalist period is an unjust 
society, and that, whatever merits it had in its formative time, 
it has now outlived its mandate and is only a brake on know¬ 
ledge and progress. 

To brutality we must oppose the doctrine of equality of 
people, of sexes, races, and nations. And this is no abstract 
doctrine, but a real opening of opportunity to all by means of 
an education up to the highest levels available to all boys and 
girls alike and an expanding economic system making ever- 
increasing uses of natural resources. 

This also is the answer to despair: a future free from war 
because its economic and social roots will be destroyed, free 
from material anxiety because of the unlimited possibilities that 
lie in the application of knowledge. The old picture of 
humanity struggling ever more viciously for ever-diminishing 
resources, and the nightmare of neo-Malthusianism, will be 
exposed as mere excuses for the maintenance in luxury of a 
privileged few. Man can now gain for the first time, without 
any need for supernatural support, a full confidence in his 
power over destiny. All that has happened up to now he can 
regard as prehistory; the new stage of real history is the 
conscious control of social and material forces by men them¬ 
selves. 

It is in the light of such a prospect that we can begin to 
appreciate the full importance of the social sciences. In their 
various disciplines they will in the future have a far greater 
part to play than in the past. In the process of the trans¬ 
formation of society they will acquire a new responsibility, and 
will be linked in a way they have never been before with the 
productive process and with the natural sciences. The social 
scientists will no longer form a small and separate band, 
observing but never experimenting, but will become an integral 
part of the work of the people controlling and transforming 
their own society. 

The implication of recent developments in the natural 
sciences, especially those of control mechanisms and statistics, 
is that the only way in which the full advantages of modern 
technique can be gained is through social ownership and co¬ 
ordination of all essential production and distribution. Indeed 
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the actual evolution of the more scientific industries in capitalist 
countries during the last two decades shows how essential has 
been even the degree of partial co-ordination that has been 
achieved. As we have seen, however, the resistance to the 
logical consequences of that trend on the part of capitalist 
owners is actually tending to negate the advantages that the 
new techniques can give. The economics of the future will 
be the science of the operation of socialist and communist 
production and distribution. 

The status of the social sciences 

This long review of the social sciences had as its purpose to 
round off' the picture of present-day science. Though complex 
and inevitably incomplete, it should serve its purpose if it brings 
out, more clearly even than in the natural sciences, the links 
between social knowledge and the state of societies of the past 
and present. At the outset the status of the social sciences was 
discussed, and indeed their right to be considered sciences was 
put in question. It should by now be clearer why such doubts 
arise. For the study of society is revealed as having deeper 
roots in the past and a closer association with the dominant 
social powers in the present than have the natural sciences. 
The inability to carry out genuine experiments under capitalism 
is only one symptom of the fundamental arbitrariness of that 
social system. 

But the official social sciences of the capitalist world are no 
longer, and have not been for over a hundred years, the only 
interpreters of society. First in the analysis of Marx and Engels, 
then in the experience of the socialist States they foresaw, we 
are seeing another social science emerge. This can now fairly 
claim to represent the living branch of the subject, for it is this 
interpretation that accompanies the triumph of the working- 
class forces that step by step are taking the place of the bour¬ 
geoisie of an earlier age. In so far as the social sciences remain 
attached to the old social forms they have no future; but once 
they break away they will find new inspiration and new fields 
of activity. In socialist and non-socialist countries alike there 
is a future for the free and critical study of man and his in¬ 
stitutions. This study, like that of Nature, will gain its full 
status in the measure that it is linked with the work of all the 
peoples to build for themselves a peaceful, abundant, and 
active life. 
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Conclusion 

This section completes the sixth part of the book, which 
deals with science and its social impact in the current century* 
The division into chapters covering the physical, biological, and 
social sciences was made necessary by the scale and range of 
advance in the last fifty years. This separation had, however, 
the disadvantage of not bringing out the significant inter¬ 
relations between the sections nor showing how the whole of the 
scientific effort of the time is tending towards one general 
socially evolved means of understanding, controlling, and 
transforming, stage by stage, the whole environment of man 
and, in the process, the society he has made and in which he 
lives. This is a task which will be attempted in the last section 
of the book. 
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CONCLUSIONS 


Chapter 14 

SCIENCE AND HISTORY 


1 ^. 0 —INTRODUCTION 


W E have now reached the end of the account of the 
development of science and technique throughout 
human histoiy, and the time has come to attempt to 
assess the meaning of the story that has been told. Many of 
the significant lessons have already been shown in their context 
in the different chapters. The main weight and value of the 
argument arises^ indeed, directly out of the specific interactions 
of science and society as they occur. Nevertheless, it may help 
the reader as well as the writer if we pull together the threads 
of the past of science, and try to put in a few words what this 
may mean in the present and the future. 

In this chapter I shall begin (14.1-14.3) by discussing 
the general character of the interaction of science and other 
social forces as they have emerged from the more detailed 
studies of the previous chapters. In doing so I shall attempt 
(14.3) to answer some of the questions raised in Chapter i 
as to the factors which determined the particular association 
of science with events in different times and countries, with 
special reference to the great bursts of scientific activity which 
occurred in Greek times, in the Renaissance, in the Industrial 
Revolution and, the greatest of them all, that in which we are 
living today, and (14.4) to the part that class divisions have 
had in the growth and character of science. This leads me to 
a consideration (14.5) of the place of science in the present 
world and to an attempt to answer other questions which 
are of immediate concern to scientists, such as militarization 
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and secrecy in science, and its place in government. In the 
next section (14.6) the conditions favourable to the advance¬ 
ment of science are discussed, including the scale of support and 
the inner communications of science. This leads to the two 
vital questions of the place of philospohy in science (14.7) 
of the apparent incompatibility of freedom and organization 
in science (14.8). Finally (14.9) there remains the question of 
the immediate tasks of science and its perspective in the future. 

i^A—SClENCE AND SOCIAL FORCES 

The very story of the development of the social enterprises 
of science^ technology, economy, and politics throughout the 
ages docs in itself indicate something of the nature of the 
connections between them. This can perhaps most easily be 
seen from the tables on pp. 172, 173, 247, 348- 9, 488 -9, 596-7, 
690-1, 930-1. Tabic 8 presents the general lines of the de¬ 
velopment of scientific theory and practical technique from the 
origins of human society today. In the most fundamental sense 
it is a picture of how man got his living, beginning with food¬ 
gathering in the wild, in a way differing but little from that of 
many animals, and ending, for the present, in the mechanical 
exploitation of multiple resources, in which more and more of 
the processes of Nature arc being directed to human service. 
Each of the various stages of advance is marked by the introduc¬ 
tion of some new technique based on a deeper understanding of 
the way Nature works. Thus Agriculture passed from scattered 
temporary gardens to permanently irrigated fields with the in¬ 
vention of the wooden ox-drawn plough (p. 77). The axe and 
iron plough-share furthered its spread to forest lands (p. 103), 
the reaper and binder, and later the tractor, threw open to it 
wide, sparsely inhabited dry grasslands. 

Most technical advances arc, as we have shown, responses 
to social economic demands, made, entirely in early times 
and sometimes even now, by the craftsmen themselves work¬ 
ing over and improving their traditional skills. At first there 
was no place for science as we know it. This emerges in 
recognizable form from the common social tradition of the 
crafts, only with the beginning of city life—of civilization. 
The first appearance of a distinct science was for economic 
and control purposes: in the numbering needed for temple 
accounts from which come, by a continuous tradition, all our 
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mathematics and writing (p. 79). The tradition of numerical 
and literate science has been passed on from master to pupil for 
some 5,000 years, broadening and sending out branches where- 
ever there was a call for large-scale order and organization, 
dwindling to a trickle in a fragmented society such as that of 
early Saxon England (p. 168). 

The two streams of technical and of scientific tradition have, 
for most of history, run on apart from each other. The condi¬ 
tions of early civilization led to a division of classes which put 
the scientists among the clerks on the side of the rulers, while 
the manual craftsmen were only a grade above the peasants and 
were often themselves slaves (pp. 88, 115). That division has 
persisted to this day, and its final breakdown is only beginning. 
Meanwhile, for long periods of time it condemned science to 
sterility and technique to repetitive stagnation, while radical 
advances came only rarely. 

Epochs of cultural advance 

Those opportunities came, as has been shown, in the few 
periods in world history when the class distinctions partly broke 
down and there was mutual stimulation of scientist and crafts¬ 
man. Counting as one period the first creative outburst of 
early civilization (pp. 66 f.), before the division between scientist 
and craftsman occurred, we can find in the whole of history 
only five such major periods. The other four were: that of the 
Greeks (pp. 110 f.); of the sixteenth and seventeenth centuries 
in Europe (pp. 251 f.); of the Industrial Revolution in Britain 
(pp. 365 f.); and of the scientific technical transformation of 
our own time. Compared with these the Islamic-Medicval 
synthesis (pp. 196!.) and the various bursts of scientific tech¬ 
nical creativeness in India and China (pp. 188 f.), though they 
played essential parts in the transmission of culture, were in 
themselves relatively minor developments. 

Both the major and minor creative periods in science and 
technology appear in history as accessory to great social, 
economic, and political movements. The first period corre¬ 
sponds to the setting up of the first States and empires, those of 
the Pharaohs of Egypt and the kings and emperors of Meso¬ 
potamia. It marks the merging of clans into a class society 
(p. 71), but by no means a complete transformation, as much 
of the clan organization persisted for centuries, as it has in 
China almost to our own time. The second, the Classical or 
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Greek periods was that of the growth^ triumph^ and decay of 
a money and slave economy, marked by open civil and class 
warfare (p. ^33). After the fall of the Roman Empire its 
place was taken, not only in Europe but nearly all over the 
world, by a different, much more decentralized and locally 
self-supporting, feudal economy, making at first little demand 
on science and contributing correspondingly little to its 
advancement (p. 245). 

The third period of advance, from the point of view of 
science perhaps the most important of all, was that of the 
Renaissance which marked the beginning of the supersession 
of feudal economy by a new bourgeois economy; while the 
fourth, the Industrial Revolution, coincided with the definite 
establishment of manufacturing capitalism as the dominant 
world economy. Capitalism is distinguished from earlier 
money economics by the use of the profits of enterprises as 
capital for further investment, leading to a rapidly expanding 
industrial development involving machinery and the use of 
power from coal. This was the first stage of a transformation 
of importance equivalent to that of agriculture, for it concen¬ 
trated the economy on or near the coalfields, and drew the 
sustenance needed for the vast populations there from all over 
the world. 

The last period of technical scientific advance is that which 
has now been in full swing for some fifty years. It is marked in 
the social field by a struggle of unprecedented violence and 
range between the capitalists and their supporters on one side 
and the new socialist forces based on the working classes on the 
other. Through all this, technical and scientific progress 
continues ever more rapidly in the service of both war and 
peace. It is characterized by the penetration of science into 
all forms of production, and by an ever-increasing degree of 
organization and intercommunication. It is now evident that 
enough is known, both of natural science and of techniques 
making use of it, to solve all the major problems of world 
economy. We should now be able to provide a tolerable 
standard of life for the peoples of the whole world, and by further 
research it could be improved indefinitely. We are certainly 
not doing so now, and whether we ever do it is dependent on 
the solution of the social and economic problem, while present 
inner contradictions and open conflicts waste resources and 
threaten the extension of war and famine. 
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The fusion of theory and practice 

In every one of these periods the great advances recorded 
seem very largely due to a closer fusion of theory and practice 
than was the case in the intervals between them. It was^ as has 
been shown, in each case the social fluidity of the time that 
allowed a coming together of craftsman and scholar, sometimes 
a complete merging of the two. It was on one side the 
“ Naturalists’ insight into the trades,” to use Boyle’s phrase 
(p. 323), and on the other Robert Norman’s claim that ‘‘ yet 
there are in this land divers Mechanitians, that in their severall 
faculties and professions, have the use of those Artes at the 
fingers endes, and can apply them to severall purposes ” 
(p. 300). This interpenetration has always in the past been 
limited and temporary. After an interval we find that on one 
hand the scientific theory injected into technique has become 
traditional craft lore, as for instance in the art of the spectacle- 
maker, or that on the other the contact with practical things 
has been embedded in scientific theory, as were the mechanics 
and pneumatics of the later Greeks. It is only in our own time 
that we can sec an approach to complete and permanent fusion 
between the scientist, engineer, and craftsman, which can be 
completed only by the achievement of a completely classless 
society. 

These are the historic facts with which I have dealt in earlier 
chapters, where I have also tried to explain how the different 
scientific, technical, economic, political, and ideological aspects 
are related in each case. Nothing can take the place of a 
study of the facts far more detailed than any I have been able to 
undertake here. Nevertheless, on the basis of what has been 
shown, certain specific explanations begin to appear that throw 
light on the actual course of history, and certain general con¬ 
clusions can be drawn which seem applicable to the present and 
the future. These will be discussed in the following paragraphs. 

The growth of science 

A deeper understanding of the process of cultural develop¬ 
ment can be gained by looking at the facts in a different order, 
by following separately the streams of scientific and technical 
advance. As already indicated, the scientific stream was at its 
outset a very narrow one, narrower in reality than it was in 
appearance at the time. We can, in the light of our present 
knowledge, distinguish what in earlier knowledge was valid 
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and capable of verification and use^ from what was vague, 
mythical, or downright nonsense. Thus we have by now dis¬ 
carded astrology, alchemy, and cabbalistic number lore, though 
in their time they were all reputable sciences and added much 
to the prestige and income of the learned. The same may be 
said for all medical theory and much medical practice up to the 
nineteenth century and beyond. Nevertheless, bad theory if 
followed and tested out can lead to good, though with a sad 
waste of intellectual effort. Astronomy and chemistry are the 
offspring of astrology and alchemy (pp. 280, 272). 

It is, however, round the hard core of verifiable and usable 
science that the rest of science has been organized. This is 
the mathematical-astronomical tradition that has continued 
unbroken, piling observation on observation and adding 
method to method, since the time of the first cities 5,000 years 
ago. The practical difficulties of reconciling the lunar and 
solar calendars, which are still with us in fixing the date of 
Easter, proved a testing ground from which the whole of 
mathematics, algebra as well as geometry, developed (p. 82). 

The Greeks, from distaste of or weakness in numerical calcu¬ 
lation, created geometry to give a visual and mechanical 
picture of the celestial world, virtually the beginnings of 
mathematical physics. This astronomical core was the centre 
not only of Greek science, but of philosophy as well. It was 
extended, as we have seen (p. 227), quite illegitimately to 
explanations of human physiology, and also served to justify 
the social hierarchy. Indeed, apart from the image of tlu‘ 
celestial world, Greek science consisted only of descriptions and 
classifications of the world of Nature, the value of which for 
science and practice was only to be felt in the nineteenth 
century (p. 145). Medicine, the other respectable branch of 
science, falls into this category. Diseases were admirably 
described and there was good diagnosis and prognosis, but the 
best treatment was to let the patient alone (p. 131). 

Astronomy and medicine, often practised together by the 
same men, saved the essence of Greek science after the break-up 
of classical civilization and carried it all over the world. Thus 
for the first time there grew up a common world science ranging 
from China to Spain. What was done, mainly by the Indians, 
the Arabs, and the Schoolmen (p. 245), was not so much to 
add to the central tradition but to tidy it up. It led to a better 
welding of geometry, algebra, and trigonometry with astronomy 
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(p. 225). The introduction of a comparatively trivial^ and 
not very original device—the Arabic numbers we still use— 
was to have a decisive effect in speeding up calculation and 
extending its use. At the same time^ in those auxiliaries to the 
medical profession—chemistry and optics—a first break was 
made out of the limited range of Greek science (pp. 201 f.). 
The main importance to science of the long gap of the Dark 
and Middle Ages lay in the nurturing of new technical 
devices which made themselves felt only in the Renaissance 
(pp. 228 f.). 

Nevertheless^ in the Renaissance and until the end of the 
seventeenth century, the chief interest in science remained in 
the skies. Intellectually the centre of the drama was the 
dethroning of Aristotle; the destruction of the hierarchical, 
feudal world-picture and its replacement by one based on 
impersonal natural law. This was the most daring of human 
theoretical achievements, and though relatively slight in itself, 
mcidc all subsequent science a straightforward business. The 
decisive step that was taken in the Renaissance was to give to 
exact science an immediate practical value, by using the new 
astronomy for navigation, itself a major factor in achieving 
world dominance for the new bourgeoisie. The seventeenth 
century further witnessed the first break of science into the 
technical field through the discovery of the vacuum, which was 
to lead to the steam-engine (pp. 329, 414). 

Only in the eighteenth century did science begin to expand 
into new fields quite outside those studied by the Greeks. In¬ 
deed the main centre of interest shifted from astronomy to 
mechanics and chemistry, which linked it with the main 
interests of the Industrial Revolution—power engineering and 
the textile trade. The great comprehensive laws of the 
nineteenth century—the conservation of energy and the electro¬ 
magnetic theory of light—mark the extension of mathematics 
over the whole field of physics. At the same time the first 
break is made into the biological field with the work of Darwin 
and Pasteur (pp. 467, 471). 

In the twentieth century all barriers are down; there is no 
field of Nature into which science does not penetrate. At the 
same time science is becoming creative, building up a world of 
its own of mechanical, chemical, and electronic devices, and 
their use is tending to replace the fruits of purely technical 
development. 
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The course of technical advance 

In contrast to science, with its narrow competence, technique 
has always had to advance on a front as tiw whoU- 

pa tera rf contemporary life. Over mt«e of the time tha, 
advance has been relatively slow, moving forward only when a 
nL material or device opens up regions hitherto inaccessible. 
Stone, bronae, and iron were recognized from antiquity a, 
marking eras in human culture; they wcrc technical achK ve- 
ments owing’ nothing to sc ience. The same can be said of the 
revolutionary introductions of fire^ pottc?ry, weaving, the wheel, 
and the ship (pp. 41, 61, 76). 

Right up to late Greek times, when most of the techniques 
on which our lives are based had already been evolved, it does 


not seem that science, except in such by-products as monu¬ 
mental architecture, and perhaps in water-works (p. 158), 
entered technology at all. The speed of its advance seems to 
have depended entirely on social and economic factors. The 
great jump came with river-valley agriculture, providing a 
surplus of labour out of which cities could be built and crafts¬ 
men fed (p. 67). We may suspect, though we cannot prove, 
that the professional scientists had a hand in the development 
of machinery, in the design of gears, screw’S, and pumps, 
even if it was only to polish up crude devices invented and used 
by the workmen themselves. 


Certainly nearly all the set of inventions that were to change 
medieval into modern economy—the horse-collar, stern-post 
rudder, trip-hammer, and mechanically driven bellows —owe 
nothing to science. Even spectacles, gunpowder, and printing 
are largely practical achievements, though the inspiration must 
have come from the learned (pp. 237 f.). Only in the compass 
and the clock, essential for navigation, does the scientist seem to 
have made a larger contribution (pp. 234 f.). 

What is called the first Industrial Revolution—that of the 


sixteenth century—is almost entirely the fruit of the skill of 
workmen under the impetus of the new capitalist system, with 
its rewards for productive enterprise. The developments of 
the mine, the mill, and the ship between them led to an elabora¬ 
tion of mechanics (pp. 268 f.) that was to be the basis of the 
greater revolution 200 years later and the inspiration of the 
intervening generation of seventcenth-century scientists. 

The major transformations that characterize the great 
Industrial Revolution—from wood to coal as fuel; from wood to 
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iron as material; from horse and water-power to steam-power; 
from single to multiple action in spinning—are all products of 
the ingenuity of workmen acting, as we have seen (p. 389), 
under the triple economic drive of increasing markets, the 
resultant shortages of traditional materials, and production 
bottle-necks due to lack of labour. They were made possible 
only by the availability of capital for making the new machines. 
All this might have happened without science, but it could not 
have been done so quickly. Indeed the very progress, interest, 
and profitability of the new machinery served to attract and 
generate science on its own account. The scientists became 
engineers, engineers learned science (p. 425). 

The dominance of the practical man, the mechanic, and his 
employer, the captain of industry, lasted well into the nine¬ 
teenth century. The precision metal-working on which the 
whole of our modern industry was based was built up at 
bench and lathe by common workmen on their own initiative 
(p, 427). Only in the new fields of chemistry and electricity 
could the scientist, or more usually the enthusiastic amateur 
with a smattering of science, take the lead in devising new 
processes or new instruments. 

The triumph of Edison marks the end of the era of the 
inventor and the beginning of a new one—that of directed 
scientific research in industry—which has gone from strength 
to strength in our own time. From now on the strands of 
industrial and scientific advance will be as closely mingled as 
they were before the dawn of civilization. 

14.2— 77 /£ INTERACTION OF SCIENTIFIC, TECHNICAL, 
AND ECONOMIC DEVELOPMENT 

One conclusion clearly emerges from the parallel study of 
technical and scientific progress through the ages. It is that 
while science, as a conscious discipline, has existed since the 
dawn of civilization, it was not essential for any technical purpose 
until the sixteenth century, when it became indispensable for 
navigation; nor was it of use for many purposes until the nine¬ 
teenth, when it was needed for chemistry and engineering. 

Whether science in its early stages was really necessary for 
any purpose whatsoever is a more open question. In agri¬ 
culture, a calendar, though useful, is not absolutely indis¬ 
pensable (p. 82) and the monumental architecture of pyramids 
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and temples could well^ one might have thought^ have been 
dispensed with. However, that was not the view of the 
peoples of the time, for at least priests and rulers from China to 
Peru considered that proper and orderly contact with the 
heavenly powers was essential to economic and political well¬ 
being. Certainly we owe the science we have to that belief. 

What enabled science, however, to get beyond a rather 
barren mathematical astronomy was the contacts it established 
with the techniques of mechanics, pneumatics, and ballistics 
in][the2Renaissance (p. 280), and with brewing, distilling, and 
textile chemistry in the eighteenth century (p. 374). 

This brings out an important general conclusion, namely that 
while technical requirements often, though not always, provide 
the problems giving rise to new branches of science, scientific 
advances arc always effectively fixed if they can be incorporated 
in practical and paying trades. The advance of optics was 
secured by the spectacle-makers (p. 292); that of magnetism 
by the compass-makers (p. 299). In our own times, jet engines 
and refrigeration look after heat theory; the radio industry 
takes charge of sound; the cinema industry of optics; not to 
mention the science of electricity that is part and parcel of the 
electrical industry. 

The evidence from the dates and places of the bursts of 
scientific activity points to the need for rapid technical advance, 
and consequently for an economy favourable to effective capital 
investment, if science is to flourish. Though the financial 
demands of science are negligible in quantity compared to 
other expenses of production, money spent on science rarely 
provides any immediate prospects of return. Scientific ex¬ 
penditure is consequently in the nature of capital investment 
with a low rate of interest, but carrying the possibility of 
occasional big profits. The material factors holding up 
scientific advance are mainly due to its being starved of funds 
(pp. 896, 904), particularly where large-scale application was 
aimed at, as exemplified in the sad cases of Simon Sturtevant 
(p. 285) and Denis Papin (p. 414). 

The satisfaction of the material needs of science is a necessary 
but not a sufficient condition for its advance; with it must go a 
sense of the excitement of novelty great enough to draw the 
most capable people into the adventure of science. On the 
other hand science may well be held back by the dominance of 
ideas belonging to an earlier period. One of the most persistent 
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factors in holding back science has come from the very success 
of science itself. It is the belief in science as a means of attain¬ 
ing to absolute and permanent knowledge. 

The dogma of scientific truth 

The study of its history has shown that science is not an entity 
that can be fixed once and for all by definition. It is a process 
to be studied and described^ a human activity linked to all 
other human activities and continuously interacting with them. 
We have seen how it changes, not only by growing and extend¬ 
ing into regions either absolutely new or hitherto left to simple 
common sense or myth, but also by continually working over 
its earlier findings with greater self-consciousness and greater 
power of integration. 

This, however, is not a view of science that has always been 
held. In the past, and by some even today, the inner nature of 
science is held to be an autonomous system completely isolated 
from tlie social world. It is believed that there is an intrinsic 
and pure knowledge—a unique approximation to an absolute 
truth, to be achieved by a sure method and guarded by a 
passionate rcjc'ction of alternative ways of looking at things. 
The history of science is full of examples which show that the 
adoption of this attitude has been a sure way of arresting science, 
often while giving it the appearance of the greatest profundity 
and generality. 

The supreme example is that of the Aristotelian-Averroist- 
Thomist synthesis (p. 227), which provided a dominant world 
view and method of science from the fourth century before Christ 
till the seventeenth of our era. For over 2,000 years this was 
the pattern into which thought was frozen, and it took a violent 
change in the economic and political scene to shake it free again. 

What we do not perhaps realize is that we ourselves are 
living through a stage which is just as much a transformation of 
science as it is a far more fundamental transformation of society. 
In science as in society, the efforts to save the situation by 
modifying, adding, and patching the old forms are likely to be 
futile. We will have to think out again, in the light of ex¬ 
perience and controversy, the very bases of science itself. 

The relations of science and society 

The relations of science and society are fully reciprocal. 
Just as transformations are produced inside science by social 
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events, so, and in increasing measure, have social transforma¬ 
tions been brought about through the effects of science. These 
are manifold, direct and indirect, operating on the material 
framework of society and on the ideas by which it is sustained 
and transformed. The direct effects of the material changes 
are the easiest to see, and are taken to be the main results of 
science by most people. They are obvious in the continuing 
and evcr-accelcrating stream of new techniques and improve¬ 
ments of old techniques in the transformed mechanical- 
electrical-chemical world of the twentieth century—a world 
inconceivable without science. The indirect effects of the 
material changes brought about by science are far more 
important. Though the first growth of science itself was a 
product of the economic and political factors, once science was 
established as a means of securing economic and political power 
its very progress became a factor in political and social life. 
No modern industrial State can exist at all without science; 
it cannot continue for long without making the fullest use of its 
resources of intelligence to advance science and to extend its 
utilization. The political patterns of our times are therefore 
in part a result of the material effects of science. 

But the material mode is not the only one by which science 
affects society. The ideas of science have a profound influence 
on all other forms of human thought and action, philosophical 
and political as well as religious and artistic. Here the 
influences are even more complex than on the material plane. 
The ideas of science are not the simple products of the logic 
of experimental methods; they are in the first place ideas 
derived from the social and intellectual background of previous 
times, transformed, and often only very partly transformed, by 
passing through the test of scientific experiment. So it was, 
for instance, with the idea of the natural law of Newton, which 
was a reflection of the establishment of a legal rather than an 
authoritarian form of government (p. 342), or with the theory 
of natural selection and the struggle for existence of Darwinian 
evolution, which was a reflection of the free competition of the 
full capitalist era (p. 483). But though these ideas emanate 
from earlier social forms, once taken into and used by science 
they in turn are both reinforced and transformed. They are 
used to give scientific sanction to social practice, as has been 
shown in many examples in its history, from the Aristotelian 
world-picture onwards (p. 148). 
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The full understanding of the ever-changing relations of 
science and society involves taking into account both the 
material and the ideological factors. No society can do with¬ 
out the amount of science required for the working productive 
forces. This amount^ however, as we have seen, has been very 
little until recent times. Whatever science a particular society 
possessed in addition to this minimum was that needed, in 
conjunction with philosophy and religion, to buttress the current 
social system. Incidentally, it provided an intellectual occupa¬ 
tion for those few members of the ruling classes who had 
the inclination to use their leisure in this way. Such science 
could not be expected, in itself, to be a stimulus to technical 
change or to determine the pattern of production, but in the 
presence of other factors it could be invoked for that end. 
These were for the most part economic. The machinery of the 
Industrial Revolution was not the simple gift of inventors— 
there had been ingenious men in plenty in earlier times—but, 
as we have seen (pp. 366 f.), it grew in response to the avail¬ 
ability of capital and labour and to the opportunities the 
market offered for profit. Once in existence, however, a new 
process or machinc—or, better still, a new scientific principle 
capable of generating many new processes and machines, like 
Faraday’s magnetic production of electric current—must 
necessarily change the condition of manufacture and give new 
opportunities for economic changes. 

The sciences, social as well as natural, have appeared 
throughout history in this catalytic role as agents, though not 
motors, of social change, and have in the process been changed 
themselves. The track of scientific and that of economic 
development run so close together in place and time that their 
association cannot be a chance one. Something of the nature 
of that link between scientific and economic activity has been 
brought out in these pages; but there is not, and indeed there 
cannot be, any simple formula relating them. It is rather, as 
has been explained, that the economic and political conditions 
of particular places and periods are especially favourable to 
the growth of science, in setting problems and in rewarding 
successful solutions. The discovery of problems is in fact 
more important than the discovery of solutions: the latter 
can be arrived at by experiments and logical argument; the 
former only by imagination stimulated by experience of 
difficulty. 
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The role of genius 

It is sometimes argued that this economic connection 
touches only unimportant parts of science and that the great 
discoveries are made by men of genius unaffected by conditions 
of time and space.^-^^’ Copernicus^ Descartes^ Harvey, and 
Linnaeus may be cited as excimples of men who worked far 
from the centres of technical advance of their time. This is 
only partly true, for the sixteenth century in Poland, the 
seventeenth in England and France, and the eighteenth in 
Sweden were all periods of national expansion. Yet it remains 
a fact that at least in the first and last cases the countries they 
lived in were not central, and that neither Harvey nor D(‘scartcs 
had close industrial connections. The reason for this apparent 
discrepancy is that it is not where a scientist is born or even 
where he works and dies that matters. Once he has found his 
life work he is fully mobile, he can work wherever he can live. 
What matters is the centre of the tradition that formed him. 
For Copernicus and Harvey it was Italy, which had only just 
passed the peak of its economic and cultural greatness. For 
Descartes it was the cultivated world of French society just 
about to enter the Grand Steele (pp. 304 f.). Linnanis is the excep¬ 
tion; largely self-taught, he conquered the kingdom of the 
plants by his almost religious faith, single-mindedness, and 
hard work. But his system would have died with him if there 
had not been in his time a world of gardeners and botanical 
collectors eager for any means of setting their herbaria in order. 
The seed of science is not sown nor docs it grow unless the social 
ground is well prepared for it by economic activity (p. 21). 

The progressive growth of science comes from its continually 
renewed interconnection with industry. As human society 
develops, the part that technique and science play in it is, as 
we have seen, an ever-increasing one. So also is the part that 
conscious and logical science takes in technique. It is difficult 
for us to discover amid a mass of ritual and traditional tech¬ 
niques of ancient times any implied logic that we can call 
science (p. 48). We can recognize it as such only because we 
know what will come later. Today science appears as an 
institution in its own right, with its own tradition and disci¬ 
pline, its own specialized workers, and its own funds. What is 
more important, every aspect of life—industrial, agricultural, 
medical, administrative, and above all military—increasingly 
needs the help of organized science for its day-to-day operations, 
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and is entirely dependent on science for its progressive develop¬ 
ment. This trend, which shows no sign of abating but rather 
of accelerating, lies along the line of the increasing conscious¬ 
ness of human activities, carrying with it greater control over 
environment through the understanding of its laws. 

The emergence of science as a major factor in social advance 

The emergence of science as an important agent in the social 
sphere is a critical and irreversible step in general human 
history. Together with the economic and political changes 
with which it is inevitably coupled, it is an event of the same 
order of importance as was the emergence of the human race 
itself or of its first civilization. Such crucial changes have 
negative as well as positive efiects. Not only do they make new 
things possible, but they also make old ones impossible. Once 
there has been a break through on to a new level of complexity, 
the possibility of similar jumps occurring elsewhere rapidly 
vanishes. Once, for instance, the green plants had spread on 
to the land, there was no more room for plant-forms with any 
other metabolic basis to do the same. 

The growth of modern science, linked as it was at the outset 
with capitalism and the Industrial Revolution, has been 
pervasive and irreversible. The new way of saying things and 
thinking about things which arose from a study of the techniques 
and arts has, by transforming those techniques, led to a much 
more comprehensive approach to human as well as to technical 
problems. By doing so it has also prevented, and will prevent, 
any solution that rejects science from being ultimately effective. 

This is well brought out by an instance from very recent 
history. The Nazis were from the very beginning violently 
anti-rationalist, and in favour of a mystical system which alone 
would justify, while it served to conceal, their real ends in 
supporting monopoly capitalism. Naturally, therefore, they 
were opposed to science, but nevertheless they could not do 
without it because they needed science for their one effective 
means of action—war. Any State or class which does not, or 
cannot, use science and develop it to the full is doomed in the 
present world to decay and destruction. 

The transformation of economy through the use of science 
has been a very recent event. It can be said to have reached 
critical importance only at the beginning of this century, and 
its subsequent development has been so rapid that it has been 
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impossible to allow science to seep slowly, as it did in earlier 
times, into the existing forms of economy. It has appeared as 
a new agency, one that is changing things rapidly in relation 
to the life-span of men. In the previous transformations of 
civilization the process of change was much slower: new 
ways came in with new generations, and where there has been 
open struggle it has been because certain social groups or certain 
peoples remained untouched by the new forms and resisted 
them. 

In this age new knowledge and experience in handling the 
material world have arriv'cd well in advance of the pattern of 
cultural, political, or even of economic life. This situation is 
often described by the pundits of science and religion in 
terms of man’s material powers having outrun his moral stature, 
with the implication that science must be halted or turned back 
until man has been spiritually regenerated. This, however, for 
reasons just given, is not in the least likely to occur; science is 
too useful, if only for destruc tion. Rather must we look for the 
opposite solution and seek, through a better-ordered society, 
to raise tlic moral level of humanity. Though struggle and 
difficulty arc implicit in such an attempt, it has every hope of 
rapid success. For with science has also come the ability, not 
available in earlier times, to understand social situations and 
also, through conscious social organization, the means of 
solving the practical problems of the transition. The value of 
the study of the place of science in history lies in the under¬ 
standing it gives to the economic and technical transformations 
leading up to the latest and greatest one. 

i^.<i—THE TRACK OF SCIENTIFIC ADVANCE 

One major historical question still remains to be discussed. 
How can the study of science in history help to explain the 
particular track of industrial and scientific advance? How 
was it that it followed the course it did: from the fertile crescent 
of Babylonia and Egypt, through the Mediterranean from 
Greece to Italy, to settle in its greatest formative period of 
the seventeenth century round the North Sea, from there 
to spread in our own time all over the world? It is evident 
from what has been written here, notably in the introductions 
to the first four parts and in this chapter, that here is no case 
of rigid predetermination, though clearly certain conditions 
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must be satisfied before any area can become a centre of 
civilization. 

Within limits, no region can be a centre of economic or 
cultural advance for long without having adequate natural 
resources—good hunting grounds, cornland and timber, coal¬ 
fields and iron ore, oil and hydro-electric power—according to 
the stage of technical development. An equally essential 
negative condition is the absence of a climate leading to 
endemic disease or to general debilitation, such, for instance, as 
ended early Maya civilization. These are only permissive 
conditions, for at each stage not one but many regions have had 
the necessary resources and climate. Much of the world— 
covered by tundra, deserts, tropical rain forests—has been 
ruled out until our own time; but there is plenty left. 

Which of the geographically possible areas will become a focus 
of advance depends rather on the forms of society—the pro¬ 
ductive relationships—and their economic and political con¬ 
comitants. Here geographical factors may still play some part; 
complete isolation may hold back development, as happened in 
the case of the native American civilizations; but on the other 
hand too easy access from other regions, as in the case of Baby¬ 
lonia and south-eastern Europe, may lead to regression in the 
face of the penetration of less civilized tribesmen. More 
decisive, especially in later times, has been the persistence of 
an internal drive to change, provided by the sequence of class 
struggles—technique and culture being the weapons for 
securing the mastery of each class in turn, and being advanced 
in the process. 

In the earlier ages of the world it would seem as if the evolu¬ 
tion of first a village and then a city culture could and did occur 
wherever material circumstances were favourable (pp. 65 f.). 
Given the considerable geograpliic insulation of such cultural 
centres, this did result in the appearance of some half-dozen 
patterns of civilization, including the isolated civilizations of 
Central and South America. Once each was established it 
preserved an internal traditional continuity in material 
techniques and social forms which made it, within limits, 
resistant to outside influences. Each area—the Hellenic, the 
Indian, the Chinese—acquired distinctive features, ranging 
from basic ideas to styles of ornament. 

To admit the existence of different patterns of civilization 
does not imply accepting the mystique of treating a civilization 
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as a biological species which evolves, spreads, or becomes 
extinct, or, even more extravagantly, as a spiritual being that is 
born and dies, as in the recently fashionable beliefs furthered by 
Toynbee and Spenglcr.^**^^^’ A civilization is a convenient 
way of grouping together developments within a given area, 
sometimes a very wide one indeed, that depend on one 
continuous intellectual and technical tradition. Looked at 
closely, civilizations are elusive and indefinite, continually 
changing and merging into each other. How far can one say 
that the Chinese Buddhist culture belongs to Indian civiliza¬ 
tion? The central and enduring features are the means of 
production, the pattern of agriculture and industry, and the 
productive relations, whether classical, feudal, or capitalist. 
Language and literary and mythical tradition may help to 
ensure coherence, as Homer did with the Greeks, or the Bible 
with the Hebre^vs. 

The general pattern of agriculture and industry is one of 
relatively immovable forms and institutions; but much of civil¬ 
ization can and docs spread easily. Thanks to the traders and 
itinerant craftsmen, technical devices, which can be made any¬ 
where once the trick is known, such as the wheeled chariot and 
the still, were spread far and wide. The technical level which 
all these agricultural civilizations reached was very similar. 
Thanks to the wandering scholars, the useful intellectual ideas, 
the sciences of mathematics, astronomy, medicine, and a little 
alchemy, were also carried almost everywhere, and tended to 
form a common pool of lore interpreted differently to fit the 
prevailing traditional and religious ideas. As we have seen, 
until the fifteenth century at least, the relations between the 
major civilizations were on a fair give-and-take basis. There 
was no marked superiority on the surface, and an intelligent 
Italian like Marco Polo, though he found much to wonder at 
in the urbanity and culture of the Chinese, had no difficulty 
in filling a post in their administrative system. 

Yet only one of these civilizations was to give birth to the 
next phase of advance—economically with capitalism, technic¬ 
ally with science. In material equipment there was little to 
choose between the main centres of civilization in the Middle 
Ages, nor was there much intellectually. Thanks to the middle¬ 
man role of Islamic culture, the joint heritage of Hellenic, 
Mesopotamian, and Indian cultures in mathematics and 
astronomy, which was to serve as a basis for further advances, 
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was sufficiently widely known to enable that advance to be 
possible anywhere. I would suggest two decisive factors that 
may have given Europe the advantage: positively, the specific 
incentive to industry provided by a growing market and rising 
prices in the sixteenth century in a relatively underpopulated 
area (p. 282); and negatively, the absence of heavy traditional 
blocking, such as that brought about by religious bigotry in 
Islam and India (p. 205), and by bureaucratic obstruction in 
China (p. 230). 

These conditions effectively limited the origin of capitalism 
and the breakdown of feudalism to Europe, and in Europe to 
certain favoured regions. What were, in sum, the special 
advantages of Italy, France, and the North Sea countries in 
the fifteenth and sixteenth centuries? Italy and France had 
been the richest and most populous areas of the Western 
Roman Empire, they retained most of the old traditions, 
especially those of city life and craftsmanship. However, 
their basic natural resources could not compare with those of 
the countries round the North Sea, including Flanders, 
Holland, Friesland, and the lower Rhineland, as well as 
England (p. 209). Once the forests could be cleared and the 
land roughly drained they provided some of the best agri¬ 
cultural land, with the most reliable rainfall in the world.®-^’® 
They still give the record yields per acre. England produced 
the world’s best wool, which was to be the basis of her great¬ 
ness.The North Sea provided abundant supplies of fish. 
Indeed the countries round it lacked little but salt, dyes, and 
spices. At first they had plenty of timber; as that gave out 
they found a substitute in their coal outcrops and learned to 
make and use more iron. Further, over most of the area water 
transport ensured that materials and goods could be readily 
interchanged. These are all necessary conditions; no area 
much less well endowed could have carried, through successive 
technical transformations, the burden of an expanding culture, 
which is always apt to run up to the margin of available 
resources before new resources can be mobilized. 

All these favourable conditions would have been of no use 
unless the social means had been evolved to exploit their ad¬ 
vantages. Under the feudal system this could not be done; 
but under capitalism it was possible to make use of the resources 
with ever-increasing efficiency as the profits of earlier successes 
were ploughed back into productive enterprises. Further, 
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capitalism could use improved techniques and encourage 
science to develop radically new ones. 

It was not easy to secure a base for capitalism. The first 
attempt in fourteenth-century Italy had collapsed by the 
sixteenth, under the combined effects of its own inner tendencies, 
to relapse into feudalism and the attack by the feudal forces of 
Italy and Spain (p. 244). The establishment of the first stable 
base in the Low Countries in the sixteenth century was not 
achieved without violent and even desperate struggles (p. 282). 
Once established, however, the enormous economic advantages 
it offered ensured its spread, first by example and then by con¬ 
quest, all over the world. By the mid-seventeenth century it 
was clear that no country that had not adopted capitalism 
could hold its own against those that had. 

Further, the stimulus early capitalism gave to science en¬ 
sured a crushing advantage for the new science over anything 
that might come from intellectual developments in older 
cultural centres. In fact neither in India nor China, despite 
their earlier cultural achievements, was there any significant 
advance after the sixteenth century until our own times. Any 
later flowering was prevented by the economic and political 
encroachments of the foreign capitalist powers. From the 
seventeenth to the early twentieth century, science and intel¬ 
lectual culture became a European monopoly more and more 
concentrated in the centres of heavy industry. Today we are 
witnessing the beginning of the reverse process: a widespread 
decentralization of science and technique, which, despite every 
effort to keep it in the hand of the masters of “ Western Christian 
Civilization,” will show that its advantages can be reaped by 
men of all colours and traditions. It is in this present world, 
with its conflicts between the restrictive and liberalizing forces, 
rather than in any imagined ideal and timeless State, that we 
have to see the problems of science in relation to society. 

14.4— 5 C/£jVC£ IN A CLASS-DIVIDED SOCIETY 

One other aspect of the interaction between science and 
society remains to be discussed, the effects on science of the 
class divisions in society which have been in existence since the 
very beginning of civilization. Brought up, as most of us have 
been, in a class-divided society, and so taking it for granted, it is 
not easy for us to see what this implies for science. In fact, as 
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this book should show^ the influence of class divisions has since 
their inception permeated science both materially and ideologic¬ 
ally, and has affected its structure, development, and use (p. 25). 

The successive transformations in technique that have 
occurred from the beginning of civilization till the present day 
have been motivated at every turn by the interests of individuals 
and groups of the ruling class of the time. Any benefits they have 
brought to other classes have been incidental. Slaves and serfs, 
if they are to do their work and provide food, must be kept alive. 
As the machinery of civilization becomes more complicated, 
some of them may have to receive some education. 

We may rightly admire the Pyramids as a feat of architecture 
and engineering, but what they do represent is a waste of the 
labour of tens of thousands for the hypothetical benefit of the 
soul of the Pharaoh, and for the real prestige and rake-off of 
the priestly contractors. In our grandfathers’ time, we are 
reminded, by the only too permanent relics they have left us 
in ugly towns and blasted countryside, of the price the people 
had to pay for the progress of the Industrial Revolution. And 
now, in this age of science, how terribly little of the new know¬ 
ledge, skill, and ingenuity is being used for any bettering of 
human conditions, and how much for sheer destruction! 

As a historic fact we owe the development of science, as of 
other aspects of civilization, to the operation of class societies. 
It would be pointless to consider how else science could have 
grown, but stupid to assume that, for no other reason, it must 
continue under the same auspices. Class societies have left 
us some very fine things, but very bad ways of getting and using 
them. 

It has been made clear by many of the examples in earlier 
chapters (p. 394) that it has been the operations of class 
interests that have again and again held up the advance of 
science. Successful applications in war or profitable applica¬ 
tions in peace have been the only criteria for technical advances. 
In turn the establishment of new techniques has been the only 
way available to fix the achievements of advancing science. 
We have seen (pp. 451,390), notably in the histories of chemistry 
and electricity, that it is only where a new chemical or piece of 
apparatus appears in quantity as an article of commerce, 
often many years after its first discovery, that it can become the 
basis of further scientific advance. 

Considering the available technical skill and intellectual 
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capacity at different periods, it is apparent that these were 
rarely if ever the major limiting factors in industrial progress. 
Even in the progressive nineteenth century, it was lack of 
anticipated profit that kept short-sighted and tradition-bound 
capitalists from embarking on new enterprises long after they 
were technically feasible (p. 442). Sooner or later one of them 
would make the jump and then all the others would rush in. 
The net effect has been that the advance of science has been far 
more delayed and erratic than it need have been. 

Now that the process of haphazard scientific application has 
given way to a system of organized industrial research, it might 
be thought that these delays would be a thing of the past. 
Actually, if the obstacle of lack of capital has lessened with its 
greater concentration, so also has the incentive that competition 
used to offer; and the great monopolies that have replaced the 
multitude of competing firms show themselves in no hurry to 
make radical innovations. Examples of this have been given 
in earlier chapters (pp. 547, 569). I need only cite one in the 
very centre of a scientific industry. The principles underlying 
fluorescent lighting were known even before filament bulbs 
came in; but forty years had to pass before adequately sup¬ 
ported research made it commercially possible. The well- 
advertised successes of monopoly-directed science, such as 
nylon and television, are apt to blind us to the things that are 
not done (p. 573). For the possibilities of applications of 
science are known only to a few. But these sec well enough how 
little of the immense resources of actual knowledge is used, 
owing to the misdirection and restriction of everything that 
docs not promise immediate profit. In one way or another, 
science has been kept from the service of mankind. It is not 
the particular forms of class societies that restrict science but 
their very essence; the exploitation of man by man. 

The existence of class-divided societies does not affect only 
the material consequences of knowledge, it cuts deep into its 
roots in ideas. The literate and cultured are the ruling class, 
and the basic ideas that find expression in literature and science 
arc inevitably tinged with ruling-class preconceptions and self¬ 
justifications. At the same time the fund of practical ex¬ 
perience which comes with the daily work that maintains all 
society is cut off from literary expression and from academic 
knowledge. It is significant that the periods of greatest pro¬ 
ductivity in the arts and sciences—the time of the early Greeks, 
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the Renaissance, the Enlightenment—have all been those in 
which for a short time class barriers were partially broken 
down. In such periods it is the aim of a rising class to capture 
literacy, culture, and science and in the process to make them 
far more generally available (p. 812). 

It is in its basic philosophy that class influences have most 
affected science—the natural sciences, within the limits im¬ 
posed by experience; the social sciences, entirely. For many 
ages, as we have seen, the two were not separate. The aim of 
a comprehensive philosophy, as it seemed to the Greeks, was to 
render a coherent account of the whole universe, using the 
order which it revealed to justify, in particular, the social order 
of the city state. The Platonic ideal, just as much as the 
Aristotelian mean, were politico-scientific constructs (pp. 125, 

136). 

When reason failed, faith was called to its aid, if not to justify 
then at least to make tolerable, as a step to heaven, the 
thoroughly vicious and unjust social system of the Roman 
Empire. Science retreated; when it advanced again it 
remained for long shackled with a scholasticism the main aim 
of which was again to justify from scripture and reason the 
crazy inefficiencies of the feudal system. 

The decisive step, which was taken at the time of the Re¬ 
naissance, was to separate the spiritual and material worlds, 
leaving a natural science free enough to turn to practical 
profit, but with ideas still drawn from the old theological- 
philosophical system. However great the material successes 
of the new science, these ideas have remained deeply sub¬ 
merged during the advancing optimistic phases of the In¬ 
dustrial Revolution, and are coming to the surface again as 
the system decays (p. 817). As in former times, the need for 
a philosophy justifying an intrinsically unjustifiable system of 
class rule is producing an idealistic distortion of philosophy. 
Some of it is a naive identification of the superior, the spiritual, 
the ideal, as the special apanages of the upper classes, and 
insistence on higher things is used to cover the order of society 
with divine sanction (p. 90). In a more sophisticated form, 
adopted particularly in Christianity, spirituality was demo¬ 
cratized on condition that power and wealth were left, in this 
secular vale of tears, to the temporal authorities—the “ pie- 
in-the-sky philosophy, which can so conveniently substitute 
charity for social justice (p. 183). In the more extreme form of 
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mysticism^ retreat from an unreal world is advocated^ with the 
result that it becomes quite irrelevant how it is run. These 
semi-religious approaches are a means of permeating the under¬ 
lying fabric of science itself and persistently drawing it away 
from the real world. 

Science as a productive force 

These considerations of the class character of science are not 
merely historic and academic; they should help us to under¬ 
stand the conflicts that arc dividing science as well as society 
in our own time. Once both the scientists and the people at 
large grasp the social significance of science, they can no 
longer go on in the old way, and let science and technique grow 
up casually under the impulses of restrictive and distorting 
private interests. The new knowledge of the nature and 
powers of science cannot be thrust aside, but acceptance of 
this means accepting a social responsibility for the fostering and 
direction of all science (pp. 22 f.). 

For the same reason it is useless to repine at the way science 
has grown in the past. Science, like all other human institu¬ 
tions—language, arts, religion, law, and politics—has achieved 
a content and a power which transcend the means or the 
motives that helped step by step to build it up. With practical 
technique, with which it is associated ever more closely, natural 
science has a greater independence than the other more purely 
social institutions, because it is securely anchored in the material 
world, in the properties of animate and inanimate things. 

Of even greater importance is the fact that science is becom¬ 
ing in recent times what technique has always been, an in¬ 
dispensable part of the productive forces of society. The 
technical know how now needs to be backed everywhere by the 
scientific know why^ in order to maintain the life and growth of 
a modern community. Science may in part have been an ill- 
gotten and unfairly hoarded treasure, but it is a treasure none 
the less. Now it must be for all to spend and to increase. 

SCIENCE IN THE WORLD TODAY 

Before we can usefully discuss the bearing of historical 
studies on our current problems it is first necessary to look more 
closely into the present world situation of science and to relate 
it with the actual distribution of political and economic power, 
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condensing into a few paragraphs and supplementing the 
information given in Part VI. 

The balance of science between the different regions of the 
world is a grossly uneven one, but it is also changing with great 
rapidity. Its distribution corresponds^ for reasons already 
given (p. 495), very closely with that of heavy industry. More 
than nine-tenths of the scientific manpower of the world is 
concentrated within a few score miles of some dozen major 
coalfields and of about the same number of capital and port 
cities in other areas. The population of this rapidly growing 
industrial sector of the world is some 340 million, or about 
14 per cent of the whole world population. The rest of the 
world is agricultural, of which the greatest concentrations of 
population occur in the basins of half a dozen great rivers and 
highly cultivated islands like Japan and Java^ occupying a 
twentieth of the habitable land surface and carrying a total 
population of some 900 million peasants, so far very badly 
served by science. The rest of the world, apart from virtually 
uninhabited desert, mountain, and tundra, carries a population 
of 1,200 million, also mostly peasants—half of the whole world 
population—though occupying 90 per cent of the habitable 
surface of the globe. (Map 5.) 

These purely geographical divisions acquire a meaning for 
present and future science only in the light of the political 
and economic systems under which they are now being ad¬ 
ministered. Today the world divides most naturally into three 
sectors which may be called the capitalist, socialist, and 
colonial sectors, the first and the last making up the so-called 
‘‘ free ” world. 

First there come the highly industrialized imperial States, 
new and old: the United States, Britain, Germany, France, 
Italy, together with the smaller and weaker industrial States 
of Europe which arc economically, strategically, and politically 
dominated by the United States and Britain. These between 
them comprise a population of 400 million of whom about 
250 million are industrial and 150 million agricultural. The 
hard centre of capitalism is even more restricted, effectively 
to the eastern and Great Lakes States in America, to industrial 
Britain, and to the Ruhr, for these between them produce 
60 per cent of the world’s steel, the key material of modern 
industry. Here, between crises, industrialization and pro¬ 
duction increase rapidly, but the pace is so much greater in 
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America than elsewhere that production is becoming ever more 
concentrated. The real control of this industrial complex 
is by no means unified, for rivalries persist and new combina¬ 
tions offerees are continually being made. But the controlling 
oligarchy, the active directors of the fifty great financial and 
industrial trusts of the world are a small and exclusive band, 
probably not more than lOO persons in all, of which the 
dominating interests are in the United States.'^-^®‘‘ 

The second sector of the world consists of those countries 
that have at various periods since 1917 thrown oft’ capitalist 
domination and have reached different stages on the road to a 
classless communism. The total population of this group is 
not far from 900 million, or a third of the total world population. 
Its present degree of industrialization is low, 90 million or 
10 per cent, 25 per cent if China with its predominantly 
peasant population is excluded. The significant character of 
this sector, in relation toils use of science, is that it is undergoing 
an extremely rapid industrialization and that, in contrast to 
the centralizing tendency of capitalism, this is being done in a 
widespread manner so as to raise the standard of industrial 
production equally in all areas, to develop agriculture in 
industrial areas and industries in the agricultural areas. This 
also implies the active and planned use of science in both 
industry and agriculture. 

The third sector of the world comprises the remaining areas 
of Europe and Asia, and the whole of Africa, Oceania, and 
Central and South America. This is predominantly the area 
of raw material and food producers for the old imperial 
countries. Of the total population, 1,200 million, or half of 
the world’s peoples, only 5 per cent are industrial, and nearly 
all of these are to be found in the one industrialized Asiatic 
country, Japan. The rest, with the exception of the privileged 
farmers of the British Dominions, are peasants, plantation 
workers, or serfs, with a very low standard of living. 

This is shown in the most elementary way in the absolute 
consumption of food. The peoples averaging a consumption of 
2,600 calories per head per day are all either in the first sector or 
in such countries as Australia and New Zealand. At the other 
extreme, in most Asian and African countries the consumption 
is under 2,200.“^'^*'^ This physical misery produces greater sus¬ 
ceptibility to disease and there are fewer means of combatting it. 
The average expectation of life in India is only 27, as against 
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68 years in Great Britain. With it also go mass illiteracy and 
a poverty-struck agriculture that yields ever lower returns. 

Of this section 140 million people or 12 per cent are directly 
under imperial rule of the old industrial powers^ another 530 
million or 44 per cent, including by far the most populous 
countries of India and Pakistan^ have only recently achieved 
their political independence and are economically dominated 
by imperialist powers new and old. This expresses itself in 
holding back industrial development in the interest of the 
imperial powers and concentrating the whole economies of the 
countries for the production of agricultural and mineral raw 
materials—strategic metals and oil—which can be profitably 
extracted by cheap labour. The soil is exhausted by single-crop 
agriculture, often on foreign-owned plantations, and the pro¬ 
ducts arc processed only justso far that they can be removed most 
conveniently. Finally, the profits arising from these enterprises 
leave the country and cannot be used to build it up economically. 

The lack of industries in this colonial or semi-colonial section 
of the free ’’ world ensures also that they should be governed 
most undemocratically in the interests of the great powers, cither 
directly by foreign oflicials or indirectly by the nominees of local 
landowners or business men, though this control is rapidly, under 
popular pressure, passing out of their hands. Needless to say, 
such conditions find little place for science, though there is a 
growing awareness of its importance. There are fewer scientists 
in Africa and South America combined than in Holland. 

The utilization of science in the capitalist sector 

The two most characteristic features of scientific research 
and development in the capitalist world today, and par¬ 
ticularly in the United States, are those of concentration and 
militarization. At no previous period in history have industrial 
production and, to an even higher degree, scientific research 
been concentrated in such a small part of the world, and never 
has the proportion of military to civil research been as great 
as it is now (p. 585). Both these features are consequences of 
the development of monopoly-controlled industry. 

The pursuit of the maximum profit (p. 806) is here the 
predominant factor in determining the balance of effort 
between industries and between the sciences that serve them. 
Throughout the whole history of capitalism technology has 
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been developed, and science has been called on to help only 
when it seemed to be the most profitable way of organizing 
production. Where, as for example in the British textile 
industry in the last hundred years, there was cheap labour and 
old machinery the value of which had been written off, no serious 
effort was made to improve technique or use science.’- 

Effectively, the employment of scientific research is a form of 
capital investment. The recognition of this relationship has 
been a very recent one. It was first seriously discussed by 
Bichowsky in 1947 and is now generally accepted.®-Only 
where new capital can be invested is it worthwhile even think¬ 
ing of undertaking research. Even then, until very recently, 
the amount spent on research and development represented 
only 12 per cent in Britain and 17 per cent in the United States 
of new capital investment.’*'^ With increasing monopoly, 
what was an automatic, unconscious process has become 
deliberate policy. Calculations of profit on an unprecedented 
scale—up to 50 per cent in America, where the majority of 
companies consider that equipment should pay back its cost 
in between two and five years “-are a necessary pre-condition to 
serious capital investment, and for the development and research 
that would make it possible. 

The monopoly control of science is so well covered by the 
techniques of advertising that the public is made to believe that 
the sums spent on industrial research are primarily for its 
benefit, instead of their being channelled, as they arc even 
in the civil section, to produce goods such as television sets and 
fancy drugs, where the margin of profit is greatest. 

It is the same demand for maximum profit that has given, in 
recent years, the heavy bias of technology and science towards 
military uses. Profits there are enormous: the public pays 
without asking awkward questions, and the resulting goods do 
not clog the market. They can be expended in wars or, if that 
fails, scrapped in a few years as obsolete. The demand for 
them is also reinforced by every means of propaganda needed 
to keep up war fever and justify military expenditure. One 
consequence of this has been the militarization of science, 
which has already been discussed (pp. 575 f.), and will be referred 
to again (p. 895), with all its consequences of secrecy, screening, 
and witch-hunting. 

In one way or another, directly or through government 
agencies, science in the capitalist sector of the world has come 
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under the control of the small number of big monopoly firms. 
In the United States,®*^ the universities are already in their 
hands; their representatives sit on governing bodies; they 
provide the funds or arrange government grants; they give 
employment to the graduates; they can make or break leading 
scientists; their influence is predominant in the scientific 
societies, which can continue to exist only thanks to their 
subventions. Only the advantage of maintaining, in the eyes 
of a well-meaning public, the appearance of academic freedom 
and of their own benevolence in upholding it, prevents them 
taking the whole show over openly. 

Indeed ever since the beginning of the century the policy of 
supporting research has been, along with philanthropy and the 
patronage of the arts, one of the deliberately adopted props of 
the moral position of the great monopolist dynasties of Rocke¬ 
feller, Mellon, Ford, and Du Pont. For an expenditure of a 
minute fraction of the profits gleaned from many years of 
exploitation they have been able to pose as the main patrons 
of disinterested research. Since the Second World War their 
place has been taken by the Government, which has become, 
as already described, the main source not only of univer¬ 
sity research funds but also of industrial research as well. 
This new arrangement, which operates in Britain as well 
as America, is that of the research and development con¬ 
tract, almost exclusively for war material. It has proved very 
convenient for monopoly firms, as the government pays the 
costs and takes all the risk, while, once in production, industry 
takes all the profits. In 1951 the US Government paid for 
55 per cent of electrical research, 58 per cent of instrument 
research, and no less than 84 per cent of aircraft research. 
These between them account for about $1,000 million or almost 
half the whole industrial research expenditure of the country.^*^^ 
In Britain comparative figures are harder to find, but the actual 
distribution of research expenditure among a few big firms in 
the aircraft and engineering industries shows that much the 
same process is going on.®-**^^ ® 

The organization of research 

It is against this background of increasing industrial and 
governmental research that we must look at the present 
organization of research in capitalist countries. It has now 
become something very different from that which started with 
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the academies of the seventeenth century, though these remain 
as honorific bodies. Its purpose has changed and its scale 
has become enormously greater. Its concern is with the use of 
science both in the operation and in the evolution of the 
economy and administration of States whose major technical 
interest has become the preparation of war. 'Fhe scientific 
organization of today is not limited to, and is in fact not mainly 
concerned with, the internal development of science. Never¬ 
theless, as the very existence of a vastly more costly body of 
scientific research has come to be almost entirely dependent on 
State and industrial finance, the future of science is bound to be 
directly and profoundly affected by the way that research is 
organized. 

By the end of the nineteenth century the older form of 
scientific advance, through the activities of individual scientific 
men, cither of independent means or earning their money as 
private consultants, had virtually ceased (p. 496). Instead, 
the main advances in fundamental science were concentrated 
in the universities, where to the older functions of teaching 
were added the newer ones of research. This form has since 
become an almost general one, the only exception being the 
existence of a certain small numb(‘r of research foundations, 
but even these tend to be attached to the universities. The 
advance of science appeared in the first place as a by-product 
of general teaching, but as its importance grew the tendency 
was for research to dominate teaching and for science teaching 
itself to become limited to an introduction to research. 

Already, however, the researches for which the students are 
trained lie largely outside the universities, in industry or 
government service. Apart from its beginnings in the electrical 
industry at the end of the nineteenth century, the major part 
of strictly industrial research dates from the second decade of 
the twentieth century. But the growth of industrial research 
has been of a rapidity quite outstripping that of the older 
forms.'^-^® It is probable that between 1920 and 1950 industrial 
research throughout the capitalist world increased by some 
fiftyfold, and already the vast majority of a greatly enlarged 
class of active scientific workers are employed by industry or 
in the industrial sections of war preparations. Originally the 
purpose of industrial research was to apply the results of science 
to the needs of production. As time went on industrial research 
bodies tended to accumulate more and more basic knowledge, 
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especially in physics and chemistry, and to draw into their 
service able research workers in fundamental science. As a 
result the centre of gravity of science is moving more and more 
into the industrial sphere, with many bad results, not only 
through the spread of secrecy but also through the removal of 
any control of the general direction of research from the body 
of competent and independent scientists. 

Government and military research 

The most recent development in the organization of science, 
however, has been due to the large-scale intervention of govern¬ 
ments. It is true that ever since the seventeenth century some 
of the subvention of science has come from govern¬ 
ment sources, but it has been almost entirely concerned 
with the special services of astronomy or cartography or of the 
proper standardization of weights and measures. In capitalist 
countries there was in fact, until these last few years, a definite 
and strong objection to the inteiwention of government in 
science, because this would interfere with the proper competitive 
utilization of science for the profits of individuals and corpora¬ 
tions. 

That objection has been, as we have seen, entirely over¬ 
ruled beciiuse of the new common interest which government 
and monopoly firms have found in war research. The process 
took time: in the First World War science, neglected at the 
outset, became before the end a minor though essential auxiliary 
for the production and servicing of new devices such as the 
aeroplane or wireless; in the Second World War science was 
important from the start and by the end became a dominant 
factor, not only in the evolution of new weapons such as long- 
range rockets and the atom bomb, but also in the co-ordination 
and direction of military operations thcmselves.^-’-^’ During 
the war practically the whole of science in Britain and America 
was turned to War service (p. 858). 

Even after the War the subvention of science by governments 
for the preparation of new and ever more scientific wars con¬ 
tinued to be multiplied by large factors. Thus in England, 
the Parliamentary expenditure on science rose from under 
millions in 1937 to some ^^78 millions in 1947 and to £2^4. 
millions in 1953; while in the United States it rose from fifty 
million dollars in 1940 to more than 600 million in 1945 
and reached 2,200 million dollars in 1953. The increases of 
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expenditure, both on industrial and government science, do 
not imply corresponding increases in the number of scientists, 
though this was great enough. I’hc number of qualified 
scientists in Britain in the Government scientific service rose 
from 743 in 1930 to 3,710 in 1953, only a fivefold increase. 
Nor does this imply a corresponding increase in the quality 
of the new knowledge produced—rather the reverse. The 
greatest amount of expenditure is on costly apparatus and 
equipment and on the very larg(! number of secondary staff. 
The growth has been so rapid that it has definitely hindered the 
advance of fundamental and basic industrial science for civil 
purposes. In Britain, indeed, there was a definite set-back in 
1950. It was so sharp as to draw a protest from the research 
council of the Department of Scientific and Industrial Research 
itself: 


Basic research is hardly worth doing if the effort that can 
be devoted to it is insufficient to secure steady progress, and 
the suggestions made from time to time to reduce the 
present meagre effort appear to us to be unfounded.'^*® 

Fatu now the increases given to civil research arc insufficient to 
cover the rise in prices. 

This very increase in the material needs of sc ience tends to 
make the contribution of government to science absolutely 
dominant, and for capitalist governments this is given primarily 
for military ends. In 1953, 80 per cent of government ex¬ 
penditure on science in Britain was for military purposes, 
involving 73 per cent of government scientific j)crsonnel. In 
the USA the corresponding percentage for expenditure was 
90. This influence does not stop at the level of application; 
it penetrates the whole of research. In the United States, 
the Office of Naval Research was involved in 1949 in nearly 
40 per cent of the nation’s total expenditure in pure science. 

I’lie supply of scientific workers, largely for war preparations 
and eventual war, has become a subject of anxiety, and accord¬ 
ingly governments have largely taken over the finance of the 
universities. In Britain, for example, the government grant 
to universities has increased fivefold since the War and now 
represents some 70 per cent of their income."*® Despite this 
there remains a chronic shortage of trained scientific workers 
both in Britain and America,’*'''*• the cause of which is to be 
found in the limitations which the class system puts on education. 

896 



SCIENCE AND HISTORY 

The concentration and militarization of science have effects 
that reach beyond the centres of research and production in tlie 
United States and Britain. The demand for raw materials 
by the United States is already draining the “free” world; 
13 per cent of the oil produced in Asia and South America 
now goes to the United States, which consumes 58 per cent of 
all world oil, and it threatens to do so on an even larger scale, 
as tlie Paley report warns.®*^®*^ In the same way the world is 
being drained of its best scientific talent. On the excuse, 
often genuinely believed, of assisting individual scientific work 
of promise, the best scientists, or at least the best of those un¬ 
tainted by communism or perverse patriotism, are being bought 
up and installed in admirably equipped laboratories in the 
United States, where they arc free to pursue their own re¬ 
searches. Hiis process, which began many years ago, is now 
reaching proportions that are endangering the scientific pro¬ 
gress of many countries. Some half of the distinguished 
scientists in the United States arc actually of foreign birth. 
Many of these, it is true, came to the country to escape Nazi 
persecution, but hardly any of them went back to their own 
countries after the defeat of Hitler. The gain to the United 
States in peace and war has been great, but it has to be balanced 
against a loss to the world. These scientists have been drawn 
away from llie problems of their own countries at a time when 
their formative influence as well as their work is most needed. 

The whole system of the concentration of science in labora¬ 
tories which, however nominally under university control, are 
really under that of monopolies or government, and are 
directed towards projects deemed to be of military value, is a 
most serious danger to science. The conditions under which 
scientific work is now possible in the United States implies sub¬ 
mission to the whole set-up of secrecy, loyalty tests, and witch¬ 
hunts, and thus effectively intimidates those whose minds are 
not already closed to any dangerous thoughts.^* It also 

corrupts them, because the offer of the chance of research 
work under any conditions—and facility to work at a task one 
likes is a most valuable prize under capitalism—disturbs the 
aim and depresses the social consciousness of thousands of 
younger scientific workers inside and outside the United States. 

The relatively enormous wealth and productivity of the 
United States and the concentration of scientific effort there 
have correspondingly depressed the development of national 
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scientific centres elsewhere in the “ free ” world. Major 
research in nearly all fields, and particularly in physics, is now 
possible only in heavily endowed laboratories. These are now 
already largely to be found in the United States, and their 
creation elsewhere is an increasingly rare event. Already in 
the capitalist world only Britain, and to some extent Sweden, 
can claim to be fully independent in fundamental research, 
and that independence is precarious enough in several fields. 
Most other countries have governments in such chronic 
financial difficulties, largely due to military expenditure and 
trade restrictions, that they virtually starve science. For all 
the excellence of the work of their individual scientists, they are 
no longer able to carry out organized scientific work at a 
modern level, and tend more and more to be drawn into the 
United States orbit. 

The growth of science in the capitalist world in the last few 
years has been phenomenal, but it has been at the expense of 
very serious distortions of aim and method. These have 
already alarmed thoughtful scientists, and by no means radical 
ones, on both sides of the Atlantic,^* but they see no way out 
of the difficulties. This is not surprising, for these are a natural 
product of the system of monopoly capitalism, which at the 
moment it is very unhealthy to criticize. 

Science in the under-developed countries 

The criticism of present tendencies of concentration at the 
centre and neglect outside it apply with greatest force to the 
under-developed countries. The countries of Latin America, 
the Middle East, and India have little hope of achieving a 
really autonomous and useful scientific organization until they 
can win effective economic independence. The dominance of 
the United States is even more obvious in the official colonial 
areas, now for the most part concentrated in Africa. There 
the older imperialisms of Britain and France, to say nothing of 
Portugal, have been completely incapable of using science on 
a scale adequate even to exploit the natural resources, and 
President Truman had to add a Fourth Point to his Presi¬ 
dential Address in January 1949, to provide American technical 
and scientific assistance for them. Naturally this has to be done 
for the highest humanitarian reasons. In spile of the tempta¬ 
tion of the presence of uranium and oil, the scientific missions 
sent to these backward countries are there primarily for the 
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good of the natives’ health, just as the religious missions were 
sent to the American Indians four hundred years ago for the 
good of their souls. As to the ‘‘natives” themselves, it is still 
considered that education should be severely rationed, for 
reasons similar to those alleged one hundred and fifty years ago 
with regard to the lower orders in Britain (p. 8io). 

I’his is not the way in which the balance between the 
economies of the United States and Britain and those of the col¬ 
onial and under-developed countries is ever likely to be restored. 
Indeed, the application of the policy of limited economic aid 
to under-developed countries since the War has resulted in an 
even greater diiren!nce in the standard of living than existed 
before.’-^ This is not to say that there should be no help from 
abroad; but that help, to be really useful in building up these 
countries rather than exploiting them, must not carry with it, 
as it always has in the past, economic or political domination 
in the interests of imperial profit or strategy. As long as this 
threat remains, self-help will be better than foreign help. 

The events of the last few years should show, to all but those 
whose interests are not to sec, that the colonial system in its old 
or new form is in any case doomed. Nothing can stop for 
much longer the upsurge of the peoples of the world to make 
full use of modern technology and science, and to use the result¬ 
ing wealth for their own benefit. The net result of this can 
only be an enormous gain of natural and human resources for 
the whole world. The scientific effort in particular will be 
multiplied manifold. 

Nor should this prospect frighten the people or the scientists 
of the old industrial countries. Their privileged position in a 
world of such grinding poverty is a curse and not an advantage 
to them. For the maintenance of that position is the reason, 
or at least the excuse given, for the crushing military burdens 
which bear specially hard on science. They are necessary, 
we are told, to check communism, the spread of which 
threatens the interests of civilization. In fact, once the artificial 
barriers to trade between the socialist and capitalist parts of the 
world are down, the rapid industrialization of backward 
countries would provide demand enough to keep the production 
goods industries of the old industrial countries in full produc¬ 
tion. And when, in a generation, the industries of the new 
countries had reached a comparable level, the standard of life 
of the peoples of those countries would be so much higher that 
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they would provide an unlimited market for consumption 
goods. Helping backward countries is not a question of self- 
sacrificc on the part of the old imperialist countries, though 
they are, goodness knows, enough in debt already to the peoples 
they have exploited for centuries, but one of elementary self- 
interest. 

Science in the socialist sector 

The contrast which the socialist countries offer to the rule 
of monopoly capitalism is an absolute one. General welfare 
and not maximum profit is the criterion for economic develop¬ 
ment, and consequently for the use of science. How this is 
done has already been described (pp. 824 f.), but w hat has not 
yet been adequately stressed is the effect of this transformation 
on science itself and on its relation to the life of the people. 
The use of science for constructive plans in industry and 
agriculture demands an enormously increased output of 
trained scientists and a consequent increase in scientific educa¬ 
tion at the higher levels (p. 831). Because of the practical 
interest in construction, in agriculture, in transforming Nature, 
in discovering and utilizing natural resources, in improving the 
health of the people, there is a much better balance of interest 
betw^cen the sciences, notably in the greater part given to 
geology, biology, and medicine.®-*'^^ One significant innovation 
is the entry of women into scientific work. In Cliina and the 
Pe(^ple’s Democracies, as well as in the Soviet Union, instead of 
the proportions of one woman to six men that is the rule in 
British science, as many and, in some fields such as medicine, 
more women than men are entering science. This means 
effectively doubling at one blow the intellectual pool from wdiich 
scientists are taken.®*^ 

All this, taken in conjunction with the emphasis on science 
in primary school tcacliing, is leading to an enormous enhance¬ 
ment of the prestige and place of science in the popular mind. 
To sec this one has only to compare the amount of space given 
to scientific affairs in the newspapers and periodicals of the 
Soviet Union and China with that in Britain and America. 

What this trend is leading to is a radical transformation of 
the place of science in society, one which throws it open to the 
whole people, and not to the class-derived or class-selected Hite 
who have monopolized it since the beginning of civilization. 
Such a transformation must bring enormous new strength to 
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the countries where it occurs. In the effective competition 
which already exists between the two economic systems of the 
world, this throws into the balance new human resources, 
which, through science, can greatly speed up the utilization of 
natural resources. This has already gone so far that the Soviet 
Union was by 1931 turning out more trained scientific and 
technical personnel than was the United States (p. 190). 

Once such competition in utilizing all, instead of a very small 
part, of human intellectual resources has really got under way, 
it cannot be stopped until the people of the whole world, and 
not of one class or country, are enabled by education and 
opportunity to contribute their full knowledge and ability to 
the general welfare. 

The organization of science in the socialist world 

In socialist countries, beginning with the Soviet Union, the 
organization of science has followed a different course from what 
it has in the capitalist world. Though military research is 
carried on, and successfully, as the achievement of the atom 
and hydrogen bombs show, it has neither absolutely nor 
relatively the prominence that it holds in capitalist countries. 

Prominence is rather given to the use of science for the 
national economic effort, llie need to secure the largest partici¬ 
pation of science in industry and agriculture and at the same 
time develop science intrinsically, has been met, not by direct 
government action, but by an enormous extension of the older 
scientific bodies, and primarily of the Academies. The 
Soviet All Union Academy, together with the newer Academies 
of the separate Republics, do in fact represent the ideal of the 
early seventeenth-century academies, like the Accademia dei 
Lincei, the Royal Society, and the Academic Royale des 
Sciences, brought up to the range and scale appropriate to the 
twentieth century. From being the nineteenth-century type of 
honorific society, the old Russian Academy found itself charged 
with the organization and running of large research institutes 
in every section of science, which by now have come to contain 
many thousand workers. Further, the Academy is responsible, 
through its own institutes and the directives it can give to 
scientific research in the universities, for the general planning 
of scientific work in conjunction with the plans of the economy 
as a whole. 

This system leaves the direction of science to scientists, the 
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only people who are intrinsically competent to do it. It 
ensures, at the same time, that they have the means and the 
knowledge to develop science in the directions that seem to 
them richest in promise for the future. Contrary to what is 
often asserted, the scientific plan in the Soviet Union is not 
made for scientists but by scientists. Naturally they have the 
general economic plans in mind and know them intimately, 
because they have already been consulted in drawing them up. 
But these aiVect their own plans only in their broadest strategic 
aspects. The scientists will take, and they will be expected to 
take, far longer-term views. The great construction plans for 
the river valleys of the south-east of the Soviet Union, 
announced in 1950 to be completed in seven years, had been 
under scientific examination and discussion for twenty years 
before that. The annual and five-year plans of the Academy of 
Sciences have concentrated mainly on the growing points of 
science, though these are oftiai also places where technical 
applications arc most fruitful.^’*"'^' A transformation is 

being effected in the socialist countries of the world of a kind 
that it is difficult for scientists in the capitalist world to under¬ 
stand. For to do so fully requires a knowledge and an interest 
not only in the science, but also in tlie history, the economy, 
and the philosophy of those countries. 

The emphasis on an autonomous scientific direction, ( ailing 
on the State for material support and answering its call for 
assistance in specific tasks, is the common pattern of scientific 
organization that has been adopted in the new People’s 
Democracies and in the People’s Republic of China. It has 
proved itself flexible and has released a wealth of ability and 
enthusiasm, recalling the great effort of national utilization 
of science that was inaugurated by the French Revolution 
(pp. 379 f .)- gives to the scientists greater powers, but also 
greater responsibilities. 

The scientific worker of the West finds it difficult to realize 
what is happening in eastern Europe and in China today, not 
because the conditions as such are strange, but because they are 
the achievements of a people with a purpose : a purpose shared 
by all, including the scientific workers. When a common 
purpose exists the reaction of the individual is also transformed. 
The retreat to an ivory tower in science is in many cases simply 
an escape from the general meaninglessness an(i purposeless¬ 
ness of life in a world where the only prospect is destruction. 
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Constructive social purpose carries with it emotional sanctions 
and satisfactions which wc in this selfish civilization have lost, 
much to our detriment. 

14.6—r//is ADVANCEMENT OF SCIENCE 

This concludes the summary picture of the position and 
organization of science in the world today. It is against this 
background that we have to assess the discussions on general 
principles concerning the internal problems of science and of its 
place in society. These problems, which were posed at the 
very outset of this book, are in essence comprised in two ques¬ 
tions. How can science be encouraged to flourish and grow? 
How can the results of science be used to the best purpose for 
the benefit of humanity? It was to find the answers to these 
qiu'stions, which are not merely academic but practical ones, 
that this whole inquiry into the place of science in society was 
undertaken. It can be justified only in so far as it helps to 
find them, llie clues arc contained in the actual story of 
science, if it can be read aright. 

The way to answer the first question is to find the best 
conditions, external and internal, which have in the past helped 
the progress of science and to anticipate the changed needs of 
the present and future. The answer to the second question, 
which depends on the first, is set out towards the end of this 
chapter (p. 922). Some of the external conditions for the 
flourishing of science in the past have already been discussed 
(pp. 866 f.). In essence they are provided only in periods of 
social and economic advance, when science is given social 
importance and material means and is continually stimulated 
to new activity by problems presented to it from the economic 
and social spheres. 

Now these problems have been essentially, as we have seen, 
those that touched the interests of the ruling class of the time, 
whether real, like navigation, or imaginary, like astrology. 
The opportunity and the honour given to the practioners of 
science at any time are a measure of the degree to which they 
serve these interests. They are greatest in periods of active 
advance, because then the people who are occupied with science 
are closely in touch with the main economic interests, and arc 
often drawn from the directing classes themselves or are brought 
into their counsels because of their abilities. We have had many 
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examples in these pages such as: Archimedes, Grosseteste, Leo¬ 
nardo, Galileo, Boyle, Davy, Pasteur, and Kelvin. 

But for the secure advance of science it is also essential that 
those interests should lie along lines which bring the scientist 
into connection with constructive practical activities. For 
example, the relative sterility of natural science in the times 
between Pericles and Alexander (pp. 133 f.) is an indication of 
what able and gifted individuals could fail to do, if divorced 
from any relation to production through the overriding interest 
of the political problems of a decaying, small-city, slave society. 
The Alexandrian revival of experimental science shows by con¬ 
trast the immediate effect of contacts with the practical needs 
of a large-scale and, for the time, expanding economy. 

The scale of support for science 

The first condition for the material support of science is that 
it should be on an adequate scale. The progress of science has 
been halted over and over again by the lack of suitable materials, 
sometimes, it is true, because they were unobtainable, like 
rubber before the discovery of America; but more often because 
the scientists lacked the means to acquire them. Throughout 
most of its history science has been starved. The scientists 
have been driven to other pursuits to keep alive—like John 
Dalton having to teach children to read- and have found it 
hard enough to command the tools for their trade. Even 
now, in the era of government and industrial subvention of 
science, they are as often as not held up simply for lack of 
equipment. It is paradoxiciil when we consider the large part 
which purely scientific gear plays in our present civilization, 
where television sets and motor-cars abound, that the very 
people whose work made those things possible are often too 
poor to use them themselves, even for purposes which would 
result in their improvement. Scientific work is continually 
being hampered by such elementary needs as those of inter¬ 
communication and transport. 

The total demands of science today, however big they loom 
compared to its penury in earlier days, are still small com¬ 
pared with the sums available for capital expenditure (p. 892). 
Where the demands of science can be met, and where science 
is closely linked with an industry and agriculture which provide 
it with the necessary stimulus of problems, the external condi¬ 
tions for its rapid advance can easily be satisfied. 
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Internal conditions for the advance: language and mathematics 

The satisfaction of the external needs of science should also 
make it possible for the scientists themselves to establish the 
necessary internal conditions for easy and rapid advance. The 
problem is to see to it that the individual scientific worker gets 
the conditions, opportunities, and incentives enabling him to 
give his best service. I he work of science is social; it requires 
a sense of common purpose within each field of inquiry. It also 
needs mutual stimulations of its difierent fields, implying a good 
communication system and the absence of narrow specialization. 

The technical side of these requirements is the easiest to meet 
because it is less complicated by external economic and 
political factors. Science needs to evolve a series of languages of 
its own, including mathematics, the general language of science. 
It needs logic and the capacity to formulate new ways of com¬ 
prehending new things. Whatever the genesis of scientific 
ideas, they cannot spread or become fixed unless they can 
acquire a language suitable to them. That language may be 
geometrical or mathematical, that is, symbolic, or it may be 
the use of ordinary language in a special sense, that is, by the 
development of a scientific jargon. In both cases the purpose 
of the language is to establish a set of relationships which are 
understood in the same way by all competent people. 

The difficulty is that the advance of science and its specializa¬ 
tion make the relative number of competent people for any one 
particular scientific symbolism or jargon always smaller and 
smaller. There is a consequent danger that a scientific jargon 
may actually operate to hinder rather than to help scientific 
advance, especially when it is used to bolster up pretensions to 
special knowledge on the part of its adepts. In fact the progress 
of science has very largely been in simplifying and wiping out 
such specialized languages and replacing them by a common 
language (p. 13). 

The most universal language of all in science is mathe¬ 
matics. Almost any kind of relationship can be put into mathe¬ 
matical terms, and then, by manipulating these terms according 
to mathematical conventions, new and sometimes unsuspected 
relations are revealed. This has led some of the more enthusi¬ 
astic and mystical theoretical scientists into thinking that 
science is mathematics and very little else. In fact, mathe¬ 
matics is a tool and a shorthand of science, and is used for inter¬ 
preting and not for creating knowledge. When relations 
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between parts of experience can be simply expressed in mathe¬ 
matical terms they are so treated; but when they cannot, it is 
the mathematics that are changed to lit the facts and not the 
reverse. Thus non-commutativc algebra, where {a X b) is 
not {b X fl), was first introduced into physics to suit the 
difficulties of explaining the quantum theory (pp. 529 f.). In 
this case the device had already been developed by mathe¬ 
maticians, but in others it is mathematics itself that is developed 
to suit the needs of a growing science. 

The history of mathematics is a record of the impressions 
made on it by the needs of explaining various sequences of 
natural observations. The whole theory of differentials arose 
out of the need to explain the fall of shot on the earth and the 
movements of the planets in the heavens. Statistical mathe¬ 
matics grew out of the need of thermodynamics and later of 
genetics. Mathematics can, of course, continue to grow, away 
from and quite independently of its original sources, but the 
field of possible development is so infinitely large that it is 
easily lost in pointless elaboration. The progress of mathe¬ 
matics shows over and over again that when the mathematicians 
return to explain new experimental facts, the result has been 
to start still another burst of mathematical activity. This 
practical view of mathematics would not be acceptable to 
many mathematicians and philosophers. There has been, and 
still is, a school exalting mathematics as a culmination and 
mistress of the sciences. This was the view of Pythagoras and 
Plato, and it has been associated with a definite tendency towards 
idealism and mystical religion and a great antipathy towards 
practical human achievements (pp. 138 f.). 

The utilization of intelligence 

However well the technical problems of communication in 
science are solved, the basic internal condition for the flourishing 
of science remains the human one. Science is ultimately the 
work of many individuals of different grades of ability, for the 
achievements of the greatest minds in scienc e could never have 
been reached had it not been for the patient and accurate work 
of hundreds of others who had no need of great imagination or 
synthetic grasp. 

Now there can be no real shortage of intellectual ability in 
the human race. What has been achieved already in science 
and culture has been the work of a small handful of men, drawn 
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from one small social class of a very few cities and nations. By 
calling on men and women of all classes and peoples we should 
be able to multiply manifold the rate of advance of science. 
To do this, however, implies an altogether new attitude to 
popular education, in which, following the example of the 
Soviet Union, a secondary and soon a higher technical or 
university education will be made available to all. That 
education must largely be based on science, in the broadest 
sense, social as well as natural. It will provide at the same time 
the field from which will come the research workers who will 
build the science of the future and the workers in other fields 
who will have learned enough of the significance of science to 
co-operate actively with the professional scientists. 

Science will not fail for lack of human capacity; where it 
fails it will be for lack of social organization to make use of that 
capacity. The brilliant, the capable, and the industrious must 
all be enabled to come into science, and in such a way that 
they can all give of their best in its service. They must be 
imbued with a purpose and a conscious feeling of working for 
an end of which they approve. The inspiration of the scientists 
of the great period of advance was the belief that they were 
working for the common benefit of society. That inspiration 
is in danger of being lost in a culture the ends of which arc 
private profit and war, now that these are seen to have lost any 
of the justifications tlu'y once miiy have had. 

Co-operaiion in science 

Individuals, however inspired, do not do their best work 
alone. The peaks of advance in science have occurred when 
a number of people have already been actively working to¬ 
gether in each field of science. This, through mutual suggestion 
and emulation, increases enormously the chance of hitting on 
significant discoveries. Equally important has been the effect 
of one science upon another. This has occurred largely by the 
importation into one field of knowledge of ideas derived from 
another, sometimes directly, sometimes by analogy. The 
proved value of the analogical approach to scientific theories 
stresses still further the unity and interrelation of the different 
sciences, and exposes the sterility that accompanies specializa¬ 
tion. Most fundamental advances in particular sciences have 
in fact come from individuals who have had relatively little 
experience in that science. The revolution in chemistry in the 
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eighteenth century was effected by Priestley^ who was no 
chemist (p. 375) and it is notable how great advances in 
medicine have mostly come from men like Pasteur (pp. 471 f.) 
who were outside the profession^ while the other sciences have 
gained enormously from the spare-time work of doctors like 
Joseph Black (p. 416). The analogies creating a new scientific 
theory have usually come from science of a simpler character 
than those they are applied to, as, for instance, Dalton’s atomic 
theory, which came directly from a consideration of Newton’s 
particle dynamics. 

The enormously wider front of scientific advance requires a 
far better system of communication than any private ventures 
can possibly provide. The situation has indeed been reached 
in many fields where, owing to this chaos in publication and 
communication, it is easier to find out a new fact or build up a 
new theory than to find out whether these have been observed or 
deduced before. This docs not, of course, prevent the exercise 
of scientific ingenuity. What it does is to reduce that exercise 
to social futility. For, although the individual pleasure in 
scientific research is an intrinsic one, and is quite independent 
of whether what is discovered is new or even whether it is true, 
nevertheless a complete scientific life is impossible^ without a 
justified consciousness of the value of the work, if not to the 
community, at least to the world of science. That justification 
can only be found if that world really works as a co-operative 
unity. It must be an open one not crossed, as at present, w'ith 
barriers of “ security ” and accessible only to “ screened ” 
personnel. It must contain no “ iron curtains ” or “ classified ” 
fields of research. 

CONTEMPLATION AND ACTION 

The place of philosophy 

So far in this discussion we have been concerned with science 
treated as if it were some kind of autonomous and independent 
entity, though one capable of being affected by outside circum¬ 
stances. It should be clear from earlier chapters that this is 
only a very partial and, by itself, misleading picture. It is only 
for the purposes of argument that science can be considered 
separately from the society of which it is a part. The in¬ 
fluences from society have not in the past, and do not in the 
present, react on science only from the outside, but affect its 
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internal constitution and activity deeply and directly. Questions 
like the place of philosophy in science, the balance between 
freedom and organization, and the moral responsibility of the 
scientist, all relate to internal difficulties and conflicts of science 
brought about by the conscious or unconscious operation of 
social forces. 

In their first appearance science and philosophy, as wc have 
seen (pp. ii8f.), were not distinguished. The Greeks, who 
forged the terms for both, considered that they both served the 
same purpose. They contained the abstract knowledge of the 
history, construction, and operation of the universe, knowledge 
to be achieved by natural or supernatural means and to be 
treasured for its own sake. This is essentially a magical 
attitude towards science, one that persists in our own time. It 
provides a very convenient cover for those who profit from 
science, enabling them to rule out of court as low and material¬ 
istic the idea that it should be used for human welfare. 

'Fhc early attitude towards knowledge was contemplative 
rather than active, consonant, as has been shown, with the 
monopoly of knowledge by Hites free from the cares and ex¬ 
perience of manual work, first by administrators then by 
privileged citizens, latterly by churchmen. Because of their 
interest in the status quo of society they preferred to think of 
knowledge as a static perfection, obtainable by reasoning from 
simple observation or resting on sacred revelation. To attempt 
to change it was not only vain and unnecessary but downright 
impious. 

This attitude could not be maintained in the face of the 
economic and technical changes that accompanied the develop¬ 
ment of civilization and its subsequent transformations. More 
things had to be taken into knowledge, and knowledge had to 
be more effective in connecting together the things that were 
known. The active mood superseded the contemplative one. 
Ever since the Renaissance it has been recognized that science 
is not static, that the gaining of new knowledge rather than 
the affirming of old is the essence of science. liven up to 
the present, however, it is still tacitly assumed that this is in 
some way an exceptional process, that the objective is the dis¬ 
covery of some final truth about the universe, the contemplation 
of which is the end of science. 

This is the very attitude that has preserved as long as possible 
all the old and now meaningless forms of philosophy and 
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theology (p. 817). Its influence on science is equally dangerous, 
but is much more efTeclively concealed because in the jiresenta- 
tioii of science the underlying philosophy is taken for granted 
and is nowhere explicitly stated or criticized; it finds little or 
no place in the literature of science. A scientific publication 
is considered adequate if the observations and experiments^ 
the conclusions and the arguments leading from the first to the 
last^ are clearly stated. True, this is all that is necessary for the 
immediate transmission of scientific knowledge, enough to 
enable the work to be reproduced and for variations to be made 
on it. But science has longer views than this. What is not 
stated, and what may be of greater importance for the future 
of science, are the reasons why the work was undertaken in the 
first place, and the record of the actual, as against the ration¬ 
alized, train of thought that led to the inference's that are made. 
These are omitted, because the former is considered irrelevant 
and the latter too difficult or perhaps too trivial to put down. 
This does not, of course, mean that philosophical ideas are not 
passed on in scientific literature. What it means is that they 
are passed on in an unconscious and traditional way, so as to 
perpetuate inside science attitudes and prejudices from the ])ast, 
always heavily biased in fa\’our of ruling class interests. 

The omission of explicit philosophy from science is not an 
accident; it had a good historical justification, though one that 
no longer holds. The philosophy of the Ancients and the 
schoolmen was adapted to religion and politics, and not to the 
material handling of Nature. It was a hindrance and not a 
help to science. But it was impossible for the early scientists to 
attack that philosophy directly; they had enough to do to be 
allowed to carry on with their experiments in safi'ty. It was 
better to ignore it. Moreover, the greatest upsurge of science 
occurred very largely in Britain and Holland at the time of 
acute religious and political difficulty, when it was a matter of 
elementary good sense not to discuss philosophic matt(‘rs. 
Consequently the tradition has grown up, and is so ingrained 
in British science and, through British science, in the science of 
many other parts of the world, especially that of America, that 
philosophy as such has no part in scientific matters: that, in 
Newton’s motto, Mullius in verba. Science is deemed to proceed 
by way of man’s common sense and practical understanding 
(pp. 304 f.). 

What wc arc now beginning to recognize isj that while it is 

910 



SCIENCE AND HISTORY 


intrinsically impossible to maintain and develop the discipline 
of science without an underlying tradition, this evasion ensures 
that the tradition should be tacit and unexamined. All that 
the neglect of philosophy will do is to hide a great deal of very 
bad, outworn, and untenable philosophy.A further conse¬ 
quence is that the lack of capacity, means, or time for thinking 
about the fundamentals of science will hold up its progress and 
keep it along accepted channels until conditions become so 
unsatisfactory that it has to break out into new paths by the 
accident of discovery, instead of being able to arrive at them 
by any rational process. 

It may appc'ar in these remarks that I am ignoring the multi¬ 
tude of works that have appeared in the last 300 years on the 
philosopliy and method of science, from Locke and Hume to 
John Stuart Mill, Pearson, and Eddington. These are certainly 
contributions to philosophy, but they are concerned with only 
extremely limited parts of science, mainly mathematical 
physics, and are in no sense a philosophy of science as a living 
whole. Very lew ])roductive scientists read them, they are 
hardly over quoted, and it is diflTicult to find a single example 
where they have led to a discovery or an explanation of any 
scientific: fact. 

The reverse has often happened; as we have seen (pp. 297, 
fy2 7), both the explicit and the implicit philosophies of science 
have in the past acted as limiting rather than as liberating fac¬ 
tors to scientific advances. The greatest advances of science 
liave been made in spite of them and not because of them. The 
more the advance of scienc'e is kept clear of such unnecessary 
obstacles, the greater is the opportunity for thcjse of ability to 
pit themselves against the real and not the artificial difliculties, 
and thus to make sweeping and planned advances in science 
where previously it has moved forward wath halting steps. 
This does not mean that philosophy must be discarded in 
science, quite the contrary. In criticizing current philosophies 
it becomes evident that they fail through their partial, unsocial, 
and unhistorical approach to the underlying problems of 
science and also through their ruling-class bias, largely uncon¬ 
scious because so completely taken for granted. 

As already indicated (p. 407), the form this interference 
takes is a tendency towards positivist, idealistic, and formal 
philosophies of science, which in effect draw the scientist 
away from an active experimental approach to problems into a 

911 



SCIENCE AND HISTORY 


passive and contemplative one, either immersed in a stream of 
meaningless or unreal experience, or reflecting on eternal and 
abstract truths. These paths in their ancient and modern 
forms only lead to sterility, and science has escaped from them 
in the past only through the effect of impacts from the material 
and social world, which have shaken its complacency and 
forced it to face new problems. Any valid philosophy of 
science must take these facts into account; it must see science 
no longer as static and isolated perfection but as part of a 
changing, real, material, and social world. The first steps 
towards such a philosophy were charted by Marx and Engels 
many years ago. Subsequent experience has deepened and 
broadened their conclusions (p. 771). This is not to say that 
such a philosophy for th(‘ natural sciences has yet been 
hammered out. "I'hat is a task for the future. It needs to be 
derived, not from any abstract and a priori logical analysis, but 
from an active experience of using science in relation to its 
social tasks. 


organiza tion and freedom of science 

The great developments in the scale and organization of 
science in recent times have had a direct effect on the internal 
character of science itself. Scientists have been obliged for 
the first time to take stock of their activities from a general 
sociological and not only a particular academic aspect. They 
have to consider their relations to each other and to society, 
as well as to the subject of their own researches. And this 
interest is not confined to the scientific workers; it is also a 
matter of the highest public importance. The more it is 
realized that the actual welfare and future progress of society 
depend on the appropriate development and use of science, the 
more people will be willing to support and foster it, but at the 
same time the more they will be concerned to see that science is 
healthy and effective. 

Ultimately, however, it is only those inside science who can 
find out how to do this in detail and what degree of outer 
support and co-operation is needed. Not unnaturally, in such 
a period of transition there arc wide differences of opinion. 
Two major contentions are at present agitating the world of 
science: Is the organization of science compatible with that 
freedom under which alone science can advance? Are scien- 
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lists responsible, and in what degree, for the social effects of 
their work? These are effectively two aspects of one problem, 
and the resulting arguments have divided scientists into two 
fairly definite opposing camps. The older school, looking 
back to the golden age of nineteenth-century science, wish to 
reduce organization to the minimum to allow for the free and 
spontaneous effort of individual and personally devoted 
scientists.They also wish to dissociate themselves as 
far as possible from any responsibility for the effects of science, 
which they arc willing to pass on to the industrialists and 
politicians, though for the most part they affect to deplore the 
consequences. On the other side are to be found mostly 
younger scientific workers, who see in organization the only 
means of advancing science and of securing its effective use 
for social ends. These scientists feel that they must take their 
share of the responsibility of the use of science in society as part 
of a wider democratic movement. 

It is here particularly that the contrast between the use of 
science in capitalist and socialist countries has had the greatest 
effect on the opinion of scientists. On one side, all can see the 
great development of industrial science for the profit of mono¬ 
polies, and the even greater development for military purposes, 
with science playing a predominant part in devising weapons 
of mass destruction. On the other side there is the creation of 
a new large-scale organization of science which, though 
military science has its place, is directed primarily at solving 
problems of production, and at setting on foot new constructive 
schemes for the changing of Nature and the raising of the 
standard of living. 

If this were how the picture were seen there could be little 
doubt of the trend of opinion that it would create, but to 
expect that is to reckon without the resources of propaganda, 
tradition, prejudice, and self-interest—always ready to defend 
the cause of capitalism. In capitalist countries there is still 
a more or less scrupulous regard for the forms of traditional 
science. Industrial and military demands do not, at least not 
in Britain, cut obviously into university science; they merely 
damp down its rate of growth, which, to conservatively- 
minded scientists, is no harm, and restrict its practice largely 
to the middle classes, which is all as it should be. In America 
interference is more obvious, but more difficult to fight against 
in the prevailing aumosphere of witch-hunts and hysterical 
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anti-communism. In the older centres of science in Europe^ 
economic stringency keeps scientific activity at a minimum 
(p* 897). In all cases the mentality of sticking to a safe job^ 
pursuing one’s own interests^ and keeping out of affairs that do 
not concern one^ is encouraged by precept and example. These 
views arc the hall-mark of soundness in science; they arc a 
great help in academic promotion. 

To emphasize still further the advantages of science in the 
‘‘ free wwld/’ a horrifying picture is painted by a bitterly 
hostile Press of what science is like behind the “iron curtain.” 
There, the story runs, science is so planned and organized that 
the scientist is told what to do and what to thinks under the 
ever-present threat of a forced labour camp. Fortified with 
distorted accounts of Soviet controversies^ and with a contempt, 
based on ignorance, for Soviet scientific achievements, the well¬ 
thinking European scientist, and even more the American, is 
made to feel he is very lucky to be where he is. He is all the 
less likely to criticize the diversion of scientific effort to military 
ends if he can be made to feel that this is a regrettable necessity 
for the defence of civilization as he knows it. 

I have here put the contrasts in their most extreme form. 
Actually, probably the majority of scientists, while accepting 
out of loyalty the official view, have considerable doubts about 
it. They find it difficult to square with the undeniable fact 
that Russia has, from a very poor beginning, become in thirty 
years the second industrial country in the world, and that China 
in three years has been able to meet and throw back the assaults 
of the magnificently equipped United States army. They 
know^ that such things cannot be done without a great use of 
science, and some measure of the scale of the scientific effort 
may reach them in the ever-increasing volume of Soviet 
scientific publications and in the reports of'colleagues w'^ho have 
travelled beyond the “ iron curtain.” They have an uneasy 
feeling that the socialist countries have got something in science, 
even if it is not quite what they would like themselves. 

In any case, stories of the horrors of communist science arc 
losing their value as distractions in the face of the immediate 
experience of what is happening to science in their own 
countries. Notwithstanding repeated official assurances that 
everything is for the best, the junior scientific workers, at least, 
arc conscious of the meanness of their salaries and of hopes ol 
new research programmes—in everything but military interests 
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- being indefinitely deferred; of inadequate and dilatory 
applications of science to industry; of science education blocked 
for lack of adequate buildings or salaries for teachers. 

These disabilities are felt by more than those immediately 
affected by them. An ever larger public is becoming aware 
of the rapidly growing possibilities opened up by recent 
scientific discoveries. They can see for themselves that they 
are not being followed up, and that the present halting advance 
of science is far less than it might be. They sense that they are 
being cheated of their birthright, the fruits of knowledge, of 
which Bacon spoke at the dawn of the capitalist epoch. They 
begin to feel that if this system cannot use the gifts by which it 
grew, it may be time it was reformed or gave way to a better one. 

Intrinsic problems of the organization of science : order and spontaneity 

Even for those scientists who have not been inclined to push 
their analysis of the position of science as far as this, or who 
may accept it as satisfactory, the problem of the best way to 
organize science cannot be entirely avoided, for in their day- 
to-day work they needs must find themselves dealing with 
organization such as it (exists today. They may disapprove of 
it in principle, but in fact they cannot do without it. That 
disapproval has, indeed, some rational basis, in so far as the 
problem of the organization of science differs radically from 
that of organizing nearly all other human institutions from war 
to commerce and even sport. Only the organization of art 
offers greater difficulties. 

The reason lies in the fact that science differs, as we have 
seen, from other human disciplines, in that it deals with the new 
and not with the expected. In other fields it is possible to 
determine what can be done and what steps arc necessary to 
do it. Not so in science. In dealing with the unexpected, 
something quite difTerent from routine competence is required. 
There is, of course, plenty of routine in science, and of a pro¬ 
portion necessarily growing with the scale and intricacy of 
scientific techniques. This routine is essential, and science 
could not exist today without services of technology, supply, 
administration, and communication unthinkable in earlier 
ages. But no scientist imagines that this necessary complement 
is a substitute for the central characteristic of science—original 
discovery. 

The crux of the problem is how to secure the conditions 
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necessary both for the material continuation of science and for 
its capacity to find new things. A splitting of science into two 
parts^ one applied and routine, the other pure and free, is no 
solution. Indeed as they arc two aspects of the same organ¬ 
ism, like seeing and moving, it cannot be done. The history 
of science shows that at all stages new aspects of Nature have 
been discovered in the process of solving practical problems, 
and, conversely, that practice withers and decays if not 
revivified by abstract thought (pp. 419, 450). 

1 he flight into ayiarchy 

It is even more impossible to restore anarchic freedom to the 
whole than to a part of science. It is, of course, under¬ 
standable that in the reaction to the often stupid and autocratic 
direction of science in industry or in war there should be a 
movement to escape from any organization whatsoever. But 
the scientific flight to the desert for solitude and meditation is 
an intrinsic absurdity, for science is of all human enterprises 
the most dependent on mutual assistance and understanding. 
Science has never been really free, but whatever apparent 
freedom it has had btdongs definitely to the era of competitive 
capitalism, and it is completely incompatible with the new 
industrial revolution, and its large-scale, organized production. 
It is, in fact, as much an anachronism and a freak as the mock 
Gothic of millionaire-sponsored universities. The idea behind 
this striving to escape is one already much discussed in these 
pages, that of the scientist as a dedicated person above the 
common struggle. Because the scientist is traditionally the 
successor of the man of learning of the past, who felt himself to 
be socially, materially, and intellectually above the mere 
technical hand worker, there has arisen the conception of the 
scientist as one of an clite^ a set of people who arc apart from 
society and supported by it in order that they should, 
through the exercise of pure thought, bring a reflected glory 
of achievement to the populace that cannot reach these high 
intellectual levels. 

From the earlier stages of civilization until today this con¬ 
ception of a learned elite has been one of the strongest supports 
for the acceptance and perpetuation of a class society. Where 
it has been most marked in the past it has led to the stagnation 
of science, cutting it off from the stimulus and check of practical 
life and turning it into useless and repetitive pedantry. Never- 
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theless this idea has many supporters today^ particularly 
among scientists of age and cminence.^-^^^^’ They see in 

the present political conditions of western Europe and America 
the only means of preserving a position for scientists without 
which they cannot conceive of science existing. 

These defenders of the freedom of science^ though often 
unconsciously, arc even more concerned with the defence of 
capitalism as a way of life against the new socialist way which 
is challenging it. They find it difiicult to accept the idea 
of working for any organization, even when it is deliberately 
directed to the common good. They resent most vehemently 
the new responsibilities and the new ideas that they believe 
are being imposed by force on scientists in communist 
countries.^*-®’ They much prefer the freedom and irresponsi¬ 
bility of an unorganized system where individuals can seek for 
knowledge and happiness in their own way. The fact that the 
need for organization has arisen out of the failure of anarchy 
is hidden from them, because of their profoundly unhistorical 
attitude towards society and their own work. It is significant, 
however, that their resentment of organization does not apply 
to the organization of science in the pursuit of the private 
profit of the large monopoly firms which between tlu'm control 
nine-tenths of industrial science (p. 892), nor to the action of 
the governments which utilize nearly all their scientific re¬ 
sources for war preparations (p. 585). These abuses they find 
relatively easy to tolerate, provided that some islands of non¬ 
interference in which a few scientists can pursu(‘ their private 
researches are preserved for them. 

The search for a solution : the inner democracy of science 

However impracticable or reactionary these solutions are, 
the problem that they purport to solve is real and important. 
What we need to evolve is an organization which makes use of 
the greatest advantages that can be drawn from co-operative 
action, while preserving the advantages that belonged to the 
older period of unorganized science. It must combine the 
character, flexibility, and individual initiative of the science 
of the past, with the team work and strategy needed to cope 
with the vaster problems of the future. Whether this problem 
can be solved at all in the framework of capitalism is an open 
question. Indeed it seems most unlikely that capitalism will ever 
be able to adapt itself to the requirements of a full utilization 

917 



SCIENCE AND HISTORY 

of science. The steps that are taken in this direction have led 
to nothing because of the overriding drive for profits and to 
war. But that is not to say that it is not worth while trying to 
solve it. Any gains^ even partial^ in the way of a freer and 
better organized science—for these arc complementary and not 
mutually exclusive terms—is a social gain. 

Freedom can be combined with organization by the greatest 
measure of informal co-operation and inner democracy. This 
is in full harmony with the traditions of scientific work in 
capitalist and socialist countries alike.It fits especially well 
with the tendencies already apparent in those parts of modern 
science where the greatest progress is being made, notably in 
physics and biochemistry. Teams are replacing individuals, 
and the problems of co-operation arc being faced in actual 
day-to-day practice in many modern laboratories. There are 
undeniable difficulties. The temperamental attitude of many 
scientists is averse to co-operation. They have in Fact been 
selected, or have selected themselves, because of interests which 
have to a certain extent separated them from their fellows, 
while the desires of being alone and being given sole credit 
still often interfere with and bedevil attempts at scientific team- 
wT)rk. These attitudes, how^ever, hav(‘ in the past been 
powerfully reinforced by the social atmosphere of competition 
and personal advancement; they are far less inborn than 
people used to think, and the experience of the satisfaction of 
team-wTjrk wall go far to dispel them. 

To talk of the inner democracy of science is not to imply 
that it is an isolated democracy: that scientists should run the 
show regardless of the world outside. Quite the contrary. 
The democracy of science is conceivable only as part of a wader 
democracy. Between the two a large degree of interpenetra¬ 
tion would be needed. It is not sufficient, as the experience 
of the war has show^n, for administrators or service chiefs to 
pose problems and for the scientists to solve them. The 
scientists have to be among the administrators and technicians 
to find the problems in their real contexts.Conversely, 
scientific research itself needs its administrators and tech¬ 
nicians. Nor should any organization of science give further 
support to the concept of scientists as a separate ilite, even if 
working for an accepted common purpose. Scientists are just 
one kind of worker—as nec(‘ssary as, but not more necessary 
than, any other. 
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The Strategy of scientific research 

The previous considerations apply mainly to the detailed 
running of science, its tactics \ but organization limited to this 
would not have much effect. 

Science needs a strategy as much as tactics, in fundamental 
as well as in applied science. The tendency to specialization 
in the sciences—the development of jargons, the much longer 
training needed to understand branches of science—make it 
imperative to provide some means of linking them so that they 
can be of use to each other, rather than each following its 
separate trend. In Britain, at least, it was the urgent needs of 
the War that gave its fullest impetus to the concept of a strategy 
for science. There science had to be din^cted for definite 
outside purposes, each of which involved nearly all the sciences. 
This tended to break down the barri(Ts betweren them, and led 
to the idea of objective! or convergent research, in which the 
resources of all disciplines were directed towards a common 
“ object ”: the solving of a technical or operational war 
problem such as the piercing of tank armour or the defence 
against submarines. Complementary to this was the develop¬ 
ment of “ subjective ” or divergent research, where use* was 
sought in all fields for the product of one particular set of devices 
or ideas, such as radar or planned maintenance. 

The value of these methods of procedure in war, under the 
general title of operational research, appeared so great that it 
was natural that those with some experience of them would 
want to use them in peace, where, it is true, the objectives were 
much vaguer but were at least constructive. How and why 
that attempt has led to nothing has been discussed in Chapter 
13. This failure, however, was entirely due to the conditions 
imposed by a capitalist economy; the need for a strategy of 
science still remains, and its possibility in practice has been 
amply demonstrated in socialist countries. The attempt to 
use strategy in science implies a new dimension to scientific 
thought; a need to consider the whole progress of science, not 
merely one’s own part of it, and to relate science not only to 
contemporary observations but to its past and its future. 

The organization of scientific workers 

Transformations in science cannot come about by them¬ 
selves, even under the stress of external objective conditions. 
Like those in every other sound institution, they have to be 
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effected by actual men and women inside and outside science, 
who from their knowledge and experience of the trend of events 
have seen the need for intelligent, co-operative action and who 
are prepared to devote themselves to it. In the first place this 
drive comes from inside science itself. The enormous growth 
of science in the nineteenth and even more in the twentieth 
century has brought into being a new and rapidly growing 
profession. This new profession of science is radically different 
from the profession of science in the nineteenth or earlier 
centuries. There are probably now in the world some 
250,000 men and women who actually make their living by 
scientific work, and among them some 50,000 scientists who 
arc occupied mainly in research. The vast majority of these 
are salaried employees of industry and government, and only a 
small but vitally important proportion are found in academic 
bodies. The growth, however, of the number of scientific 
workers has been so rapid that at first it outstripped their 
possibilities of organization. The older scientific societies, 
concerned primarily with the internal advance of science and 
secondarily with the setting up of professional standards, were 
effectively incapable of providing such organization, nor in 
fact did they wish to do so. 

The new type of organization that arose first in Britain and 
is now spreading to other countries in the world is one of a 
frankly trade union character, admitting the existence of science 
as a new factor in industry and agriculture, and of the scientific 
worker as another but not essentially different kind of technical 
worker. In Britain this resulted in 1917 in the formation of a 
special trade union, the Association of Scientific WorkersA-^' 

In other countries with a different trade union structure, in 
which all workers in a particular industry belong to one union, 
it has resulted in an assembly of scientific workers from different 
trades unions who consult on their common problems. In 
countries with weakly developed trade unions, or where 
scientific workers would not be likely to belong to trade unions, 
independent associations of scientists have been formed, whose 
objects arc generally limited to securing an adequate place for 
science in their countries. Most of these organizations are now 
associated together in the World Federation of Scientific Workers 
founded in 1949. 

The objects of such associations are twofold: first, as trade 
unions, to look after the interests and conditions of work of their 
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nicrnbcrSj a most vitally necessary task as the unorganized worker 
of today is most ineffectively protected against exploitation; 
and^ second^ to concern themselves with the proper utilization 
of science in the national economy and international affairs. 
As the preamble to the Charter for Scientific Workers puts it: 

Scientific workers can adequately carry out their respon¬ 
sibilities to the community if^ and only if^ they are working 
under conditions which enable them to make full use of their 

The primary responsibility for the maintenance and 
development of science must lie with the scientific workers 
themselves^ because they alone can understand the nature 
of the work and the direction in which advance is needed. 
The responsibility for the use of science^ however, must be 
a joint responsibility of the scientific workers and of the 
people at large. Scientific workers neither have nor 
claim to have the control over the administrative^ economic 
and technical powers of the communities in which they 
live. Nevertheless they have a special responsibility for 
pointing out where the neglect or abuse of scientific 
knowledge will lead to results detrimental to the com¬ 
munity. At the same time, the community itself must be 
able and willing to appreciate and to use the possibilities 
offered by science, which can be achieved only through the 
widespread teaching of the methods and results of the 
natural and social scicnces.'^*^’ 

The popularization of science 

This implies a community of thought between scientists and 
non-scientists, a wider understanding of social problems on 
the part of the scientists and a wader undei'standing of science 
on the part of administrators, workers, and people at large. 
The process of spreading the knowledge of science is one which 
needs to be resumed wath a far greater intensity than it had 
even at its heyday lOO years ago. But the new popularization 
of science must differ from the old. It is no longer a question 
of merely exhibiting the wonders and potentialities of science. 
“ Let us have more science ” said the Huxleys and Tyndalls, 
“ and then life will be safer, wealthier, and more agreeable to 
all.” That is now not enough. In fact it is necessary to deal 
with the very real suspicion and even hostility to science that 
has been generated in recent years by the use of science 
for destruction, and the universal fear of the further use of 
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science in more and more horrible forms of destruction in the 
future. A widespread understanding of the relation of science 
to social progress and a determination to act on it will be needed 
before science can be made safe for the world. For the full, 
positive use of science far more than a passive acquaintance 
with science is required. Once science forms part of general 
education, active participation in science by all the working 
population (p. 841) becomes possible and indeed necessary. 
Every phase of the productive process in industry and agri¬ 
culture, even the practical aspects of domestic life, can become a 
field of intelligent experimentation, and practical improvement 
and innovation. 

14.9— 7 //£ WORLirS .NEED OF SCIENCE 

The major conclusion that arises from a study of the place 
and growth of science in our society is that it has become too 
important to be left to scientists or politicians, and that the 
whole people must take a hand in it if it is to be a blessing and 
not a curse. This is no distant prospect. Thanks to the uses 
to which science has been put, first by an unregulated capitalism 
in the Industrial Re\'olution and now by monopoly capitalism, 
the w'holc situation of humanity on the globe has become 
extremely insecure. The world is threatened as it was never 
threatened before with the twin dangers of war and famine. 

The danger of war and how to meet it 

The discussion of the effort spent on war preparations and 
actual war and the particularly close way in which science and 
the scientists have been and arc involved in it, has had to 
occupy, regrettably, too many of these pages (pp. 575 f., 633 f., 
895). We have examined at least some of the multiple ways in 
which even the preparations for war distort and stunt the 
growth of science. Yet none of these is comparable to the efl'ect 
of war itself with the weapons we already know to be available. 
A new war would not wipe out civilization but it would set it 
back by many years; hundreds of millions of lives would be lost 
and suffering and disease would be multiplied manifold. 

The resources of the world, as they arc used at the present 
time, are insufficient for its needs; to squander more of them in 
war might upset the balance catastrophically and lead to 
almost unlimited disaster. It is therefore a matter of absolutely 
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first priority to put an end to this impending possibility of war. 
And it can be done given sufficient popular understanding and 
popular pressure. It is true that war and war preparations 
have become apparently essential conditions for the preserva¬ 
tion of capitalist economy in its present phase. This is not so 
much because of the need to defend it against external and 
internal enemies, but as a means of securing the maximum 
profitable production of goods which cannot embarrass the 
market by needing to be used for other than destructive ends. 

In the philosopliy of the inevitability of war, peace or Cold 
War become simply a short interlude between periods of active 
warfare, and should offer no respite in armament manufacture. 
But this policy is already in 1954 showing signs of breaking down 
under its own weight, llic countries of the Atlantic Pact simply 
cannot stand the pace of rearmament in the face of mounting 
popular resistance. Even in the United States itself the popu¬ 
lar demand for peace was a powerful factor in securing the 
Korean armistice. 

Once the immediate threat of war is removed, the way is open 
to establish some agreed form of coexistence between the two 
great systems of government in the world—capitalist and 
socialist. This is already recognized as involving a substantial 
measure of disarmament, including a secure agreement pro¬ 
hibiting the use of all weapons of mass destruction : atom and 
hydrogen bombs and biological warfiire.^-'* It would further 
imply a resumption and great enlargement of trade between the 
two parts of the world and a full measure of cultural and scien¬ 
tific exchanges. The consequences of such a detente in capitalist 
countries might involve economic recession due to reduction of 
armament orders, but this could be temporary and be more 
than offset by increased investment in internal development and 
trade, especially with the undeveloped and socialist countries. 
There, stabilized peace and disarmament would allow for more 
effort to be devoted to consumer goods and development 
plans. More money w'ould also be available for investment 
and assistance to undeveloped countries (p. 890), 

In this change science would be the largest gainer. If any 
substantial fraction of the resources now made available for 
military research and development were made available for 
civil research the result would be an increase in means and 
manpower greater than has ever been known in the history of 
science. Not only that, but it would be possible to convert 
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military into civil research establishments of the same general 
character as rapidly as the reverse change was achieved in 
the last war—in a matter of a few months at rnost.^**^*^®^ 

All these hopes turn on the ability of the peoples of the world 
to compel their governments to prevent the outbreak of a Third 
World War. Because the weapons which are being prepared 
have largely been forged by science^ the scientist has a special 
responsibility and should be deeply concerned in all efforts 
to stop war and to remove its political and economic causes. 
Thisj in the present conditions of the worlds is a complicated 
task. The scientists have first of all the responsibility of 
analysing the situation as best they can, especially where they 
have technical competence, and in the light of this of helping 
to inform their fellow citizens, and joining movements that seem 
to them to tend in the direction of a practical and durable 
peace. 

The defeat of fam we 

Even without war, moreover, the prospects for humanity 
arc precarious enough. We have already described how the 
enormous expansion of agriculture in the nineteenth century 
has had the result of pr{)ducing an imiiK^iisely larger amount of 
foodstuffs at the expense of a wastage of soil on a scale never 
before reached: a wastage which is now cutting very appre¬ 
ciably into the soil reserves of tlic entire planet. This has 
coincided with an increase in population which was set in 
motion by the need for labour in the first Industrial Revolution, 
and made possible by the improvements in agriculture, health, 
and transportation that accompanied it. 

Starting in Britain and northern Europe, it has spread much 
further than the industrial centres into their fields of supply 
of raw' materials. There the need for staple crop agriculture 
to produce food and fibres, now largely concentrated in tropical 
and sub-tropical regions, together with that for mining, 
creates a further demand for labour, increases the population 
and presses harder than ever on an almost static food supply. 
As we have seen (pp. 680 f.), this is not a simple, automatic conse¬ 
quence of biological factors, but rather one of an out-of-date 
and vicious system of plantation and semi-feudal agriculture 
in the service of big capital. But as long as it lasts famine— 
not the casual famine of one bad year located in one place, 
but general and persistent famine—will certainly be the result. 
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Science for welfare 

The reversal ol these trends is primarily an economic and a 
political problem. Only when the world is efTcctively secure 
against war, and is able to devote the enterprises of men and 
women to common welfare, is it worth considering in any detail 
the proper development and utilization of science. The job 
of using science for human betterment is also primarily political; 
that is, one that in the last resort must be settled by the people 
as a whole. But they cannot do it without the information that 
only the scientists possess. It is therefore the business of the 
scientist, at least for part of the time, to come out of his own 
speciality and to work together with all other like-minded 
people in the different walks of life, that is with the professional, 
manual, and domestic workers, to ensure that we get a society 
where science can be properly usc'd. But there is no reason 
why they should not do so, and it is here, where organization 
links scientists and non-scientists in common (‘fforl, that they 
can find their task. 

Something of what this would mean in the actual production 
of good living conditions, in health, culture, and general 
happiness and effectiveness has already been told at the ends 
of Chapters lo, ii, and 13 dealing with twentieth-century 
science. To recapitulate: it would mean carrying through 
a new industrial and biotechnical revolution which would have 
the primary effect of' getting rid not only of the need for all 
over-arduous and dangerous labour, but also of all monotonous 
factory or clerical labour, through the development of auto¬ 
matized production and control mechanisms. 

The transformation of Nature 

At the same time' the transformation of Nature, along lines 
indicated by the biological and g(!ological sciences, will be 
undertaken with ihv use of heavy machinery, including 
possibly atomic energy. In this way all the river basins of the 
world can be brought under control, abolishing floods, droughts, 
and destructive soil erosion, and widely extending the areas of 
cultivation and stock raising. In this way the immediate 
effects of malnutrition and the fears of famine can be ended, 
and a large increase in population comfortably accommodated. 
Behind this lie possibilities of further extending the productive 
zone of the world to cover present deserts and mountain wastes 
and making full use of the resources of the seas, and beyond that 
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again, lie the possibilities of the microbiological and photo¬ 
chemical production of food. It should be clear from all that 
has gone before that this great economic transformation involves 
a reversal of the centralizing trend of industry under capitalism, 
and its replacement by a bahincc of industry and agriculture 
all over the world. It will also involve an integration of 
science with the other productive forces. This implies a great 
increase in the scale of science itself. The effort expended in 
finding out scientifically what to do will tend to be as 
large as that used in doing it. The transformation should 
establish a new level of human control over its total environ¬ 
ment. The agricultural and industrial revolutions of the past 
gave man technical and organizational control over his organic 
and inorganic environment. The present one should add 
control over the social environment and over the development 
of society itself. The achievement of a classless society is the 
first necessary condition to set the transformation going, but to 
complete it requires something altogether new: the acquiring 
by all of a capacity for conscious, integrated, social action. 

Social responsibility 

What such a transformation would mean for science and 
culture in general is intrinsically unpredictable. If we knew 
all the answers in advance there would be no use for science. 
We may reasonably infer, however, from the experience of 
history, that it would lead to an unprecedented activity in 
which new great works of human understanding and human 
construction would be created. Intellectual life, in which all 
the people would share, would become more closely knit, 
more linked with the practical tasks of humanity, and more 
responsible. 

A new kind of society, conscious of its own development as a 
matter of the mutual responsibility of all its citizens, must needs 
evolve from this background its own morality, which, while 
incorporating all that has gone before, can reach new levels 
which we can now only glimpse at. The new technology, the 
new science, can no more be run with the old morality than it 
can be with the old economic and political systems. This will 
mean a level of individual and collective responsibility far 
higher than any reached in earlier times, limited as it was then 
to the traditional requirements of family and tribe. 

An absence of knowledge meant automatically an absence 
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of responsibility. When both the good and the ill fortune that 
befell nien were not anything that they could understand or 
relate directly to their own action, it was not unreasonable to 
believe them to be controlled by other powers, by blind fate, or 
by helpful or malignant gods. In so far as individual responsi¬ 
bility was felt, it was indirect. If man could not control the 
elements he could at least attempt to control himself, and when 
a man failed to do so by defying the customs of the tribe or the 
commands of the gods, the consequences were visited in general 
misfortune. But the responsibility implied in the concepts of 
righteousness and sin is blind. Its acceptance can only lead to 
pious adherence to tribal rituals and taboos. Even in the age of 
capitalism, responsibility was individually limited and measur¬ 
able simply in terms of money. If a man made his way honestly 
and supported his family, he had fulfilled his most essential 
responsibility to society. The miseries of boom and slump, of 
unemployment, slums, and war were no concern of his. 

Time was when ignorance was pious. It suited the masters in 
a class-divided society well enough that the people should know 
no more than they needed for their work, and particularly that 
they should not inquire at all into the bases of society itself 
(pp. 698 f.). With increasing knowledge and experience, such 
blindness is now no longer acceptable, indeed no modern 
industrial community can permit it and survive, and responsi¬ 
bility is again becoming collective and conscious. If they have 
done nothing more, events have taught us that men are no 
longer separate units: that their most apparently isolated 
acts are factors in a general social movement. The “ in¬ 
vincible ” ignorance that was permissible and indeed inevitable 
in past ages now becomes ‘‘ vincible ” ignorance which can no 
longer be allowed. If some people refuse to see or to accept 
the implications of what they see, if- worse—through their 
control of education and the Press, they prevent others from 
seeing the significance of social action, they are effective enemies 
of society. Only when it is in nobody\s interest to obscure 
social truths, that is only in a fully classless society, will it be 
possible for everyone to see unobstructed the nature of the 
society he lives in. 

Once a secure material basis has been won and natural 
resources are being wisely used, there will come the most 
important change of all—the liberation for the first time of the 
resources latent in human beings themselves. Over all the 
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worlds and no longer only for the limited classes and races, 
every child will be able to grow up with the full advantages of 
education. He or she will be able to make the fullest use of 
their abilities freely in the common service. In the process 
they will build and change the social forms through which they 
co-operate, but in full consciousness and by scientific discussion, 
no longer driven by arbitrary political masters or blind economic 
forces. In any society which is to be run by the people for the 
people, and in the struggle to secure such a society, the greatest 
knowledge of Nature and of society is an imperative require¬ 
ment. To make it a reality implies the spread of a genuine 
popular education of a new kind, of which I have already 
spoken. In so far as that education becomes cfTective, so will 
the capacity of all people to use and take part in science; and 
the isolation of science from the rest of culture and from the 
people will come to an end. 

It is through science, and only through science, that the trans¬ 
formation of society to one free from exploitation can 1)e 
brought about. Throughout the long reign of class-dominated 
societies, available technique was never high enough to provide 
more than a small margin of production over subsistence, which 
was appropriated by the ruling class. Now, thanks to science, 
we can make that margin as big as we like, but misery and 
danger will remain the lot of man until science can be freely 
used, and not distorted for mean and destructive ends. In 
all previous class struggles one class simply took the place of 
another, and exploitation went on in a different form. In the 
transformation from capitalism through socialism to com¬ 
munism, that necessity will finally vanish, production will be 
ample enough to remove any need for proletarians or serfs. 
But there will still be a n(‘cd for science, now not limited to a 
few specialists, but part of the life of the whole people. 

There is plenty that still needs doing. The first and hardest 
step is to use our present knowledge to remove known evils. 
The second is to use research to find new means for removing 
evils that we cannot at present avoid, to cure diseases and main¬ 
tain life and happiness for all. But beyond that there lie still 
further tasks, those of continuing and extending research to 
discover the unrecognized evils that we must in turn fight and 
destroy. Conversely, in a more positive way, we need to dis¬ 
cover new good things, new materials, new processes and, most 
of all, new and effective bases of organization for social action. 
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What this means, in effect, is that the task of human thought 
only begins in knowledge. Knowledge must result in con¬ 
structive change before it can renew itself. 

These anticipations may fitly close this book, since the 
purpose for which it was written was to search the past for 
clues to the future. In so far as my field was science, it was my 
business to stress the share of science in bringing about social 
changes and in creating social problems. I have tried also to 
show how science can help in solving them. They certainly 
cannot be solved without .science, nor can they be evaded. 

History has in the past been the record of human intentions, 
of human actions, and of (wents which were more often than 
not very different from the ends consciously aimed at. It was 
the field of action of forces that could only be dimly guessed at, 
and were far too easily identified with superior beings whose 
playthings were men. As we come to see more in history than 
this, as we begin to understand something of these forces and the 
laws they must obey, the events of history will become the 
results of conscious planning and achievement. With the dis¬ 
covery of the science of society, as Engels said, the true history 
of mankind begins. 


Table 8.— Science in History 

In this an attempt is made tn dra^v together dur results set out in earlier 

tallies and to indicate in a way not given there the nature of their interaction, 
riie first three columns give the historical, social, and gt'ographieal background. 
'I'hc time-scale, unlike earlier tables, is not uniform ; ]ieriods of rapid advance 
such as the fourth century b.c. or the seventeenth century a.d. are given as much 
space as the four centuries between the fourth and eighth centuries a.d. 'i'his 
necessarily obscures the real unevenness of scientific and technical progress, but is 
inevitable from lack of spare*. 'I'he break in the year a.d. 1400 is also for con¬ 
venience in printing. The third column naturally, especially in later times, gives 
only somewhat arbitrarily the main centres. It should be studied in conjunction 
with the maps. The main part of the table exhibits some of the interactions 
scientific and technical advances mixed up as they were in reality. Their nature is 
indicated by putting the more purely scientific aspects in italics. Some of the 
influences of technical and scientific factors on each other are indicated by arrows, 
though many are omitted to avoid too great a complication. 'I'hree main lines of 
continuous advance stand out. The first and longest, as far as science is concerned, 
is that of the Calendar, Astronomy, Navigation, Mechanics, splitting into various 
branches of physics. The second and even longer line includes the main sequence 
of mechanical technological advance, owing little to science up to the invention of 
the steam engine, but giving much to it. The. third line is ot advance in the arts 
of changing matter—Ceramics, Metallurgy, and Chemistry—in which the coritribu- 
tions of science and technology are far more mixed. Minor, more limited 
sequences, such as those of optics and electricity, arc also indicated, but the 
relationships of the agricultural, medical, and biological sectors are too complex 
to be adequately indicated on this scale. 
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lution, 274, 307, 322, 329, 33.}., 340, 
3448, 348, 350, 384; materialism, 
i2of.; mathematics, 89, 122 ff., 129, 
'‘^ 9 lb medicine, 13011., 
301; philosophy, 119 11*., 133-148 
passim, 213, 35^8 7*0 

s< ience, x, xiv, 20, 26, 87, 90, 99, in, 
113 ff., 116-162, 170, 179, i8f), 
870 ff. 

Gresham College, 288, 359 
(xuided missiles, 578 1. 

Gunpowder, 230, 237 f., 331 
Guptas, 178, 189 

Hansc, the, 243 

Heat: calorie, 419 f.; dissipation of, 
423 ; early ideas of, 413 ; mechanical 
equivalent of, 422; production by 
organisms, 432, 631 f.; pump, 421 ; 
specific and latent, ,|i6 
Hegelians, 735 f. 

Hellenistic: astronomy, 15!^ chem¬ 
istry, 160; empire, 107, 117!'., 132, 
162 f., 175; geography, 15? . I'd 
mathematics, 134, 156; mechanics, 
1588; medicine, i8if.; science, 
148-162, 218, 223, 223 
Heredity, 660-673, 748 f. 

Heresy, 186 ff., 717 f, 

Herctip, 215 T, 257 
Hinduism, 181, 189, 201, 250 
Hippocratic: oath, 131; school, 133 
Hiroshima, 577 
Histolog>3 470 

Historical materialism, 736 f. 
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History, 702 f., 713, 736 f., 743 ff., 
764, 832, 857 f. 

Hittites, io>, 108 

Holland : and birth of inodcrii science, 
17b; dike system, 68; and the scien¬ 
tific revolution, 335, 344, 360, 362; 
seventcenth-centiir>', 251, 259, 292, 
297» 313i3> 333» 4<H; siVleenth- 
century, 276 f., 281 f., 284, 288 
Holy Alliance, 383 
Hormones, 625 IF., 654 
Horse harness, 230, 232 F 
Horse-power, 420 
House, 69, 283, 505 
Hufifuenots, 311 

Humanism, Renaissance, 259 fF 
Humours, 132 F, 170 
Hunting, 45 F, 52 F, 57 1 '. 

Hydrogen bomb, 576, 578, 58f», 389, 

593 , 9'-^3 

Ice Age, 58 

Idealism, 29 IF, 138 F, 364, .[08, 328. 
817 F 

ilkhanir tables, 223 
Iinmunoiogy, 474, 627 
Imperialism, 356, 404, 493 1 ., 509, 676, 
760, 770 F, 780 i. 

Independent Labour Parly, 73B 
Indeterminacy principle, 331 F, 593 
India: and ancient science, x, 34, 152. 
176, 177, 179, 199,202,203,218,230; 
British rule, 368, 405; Bronze Age. 

37j 59' 75' ^00; caste system, 

136, 250; civilization, 710; lower¬ 
ing of culture, 189; Iron Age, no, 
125, 129; Moguls, 207; numerals, 
223; religion in, 181 
Industrial jisychology. 803, 807 F 
Industrial research, 382, 302, 407, 304, 
891 IF, 894F 

Industrial Revolution, viii, 3, 366 374, 
383, 38H, 393, 399, 479 f., 484, 871; 
in France, 381; economic basis, 2:{8, 
243, 352, 358, 419, 423; and scienc e, 
23, 26, 30, 252, 359, 382, 384 0'., .182; 
social consecjucnccs, 728, 733, 73G; 
technical basis, 160, 233 F, 270, 283, 
318, 360 F, 396, 419, 432, 497 ; third, 

599, . 

Inquisition, 216, 289, 312 
Institution of Electrical Engineers, 44.4 
Insulin, 646 
Intelligence tests, 813 F 
Internal-combustion engine, 426 F, 
493 i'-, 561 F 

“ Invisible College,” 313, 322 
Ionia, 118, 120, 121, 129, 208 
Ionian philosophers, 139, 142, 148 
Ireland, 169, 184, 214 
Iron and steel: discovery of, 101 


*95; eightecnlh-cenlury, 361, 367, 
3 % 373; nineteenth-century, 401, 
428-431 ; Renaissance, 283 1‘. 

Iron Age, 23, 36, 37, 67, 79, 85, 94, 96, 
97» 99' 100-174, 180, 181, 237, 872; 
cities, 103 IF; commodity production, 
106; politics, 103 f. 

Irrationals. 123 f. 

Irrigation, 66 F, 179, 206, 209, 677 F 
Islam: astronomy, 200, 223; chemistry, 
202 F; geography, 200 i‘.; mathema¬ 
tics, 129, 199 F, 870 F; medicine, 
201; optics, 201 F; religion, 109, 
173, 181, 192 IF, 219, 715; scientc, 
X, xiv, 176, 179, 182, 196 207, 218, 
223, 867 
Isomerism, 433 
Isotopes, 603 
Israel, 837. Sir also ^ews 
Italv: cigl\teenlh-centiiry, 371, 379; 
(ireeks in, 118, 12G; medieval, 2(nk 
2<»9, 212 f., 213, 24.[, 251, 262, 287; 
Renaissance, x, 23, 27, 176, 233, 

237 F, 265 IF, 287, 311; Roman, 162 

Japan, 190, 287, 405, 407 
Jardin du Roi, 378, 464 F 
Jesuits, 287 
Jet plane, F 

Jews, Judaism, 93, 108 IT., 182 F, 196, 
201, 227 
119 

Jundishapur, 183, 188, 196 

Kaisfrr-Wilhelm-Gesellsrhaft Institute's, 
,5L1 

Karmalians, 193 

Koran, 109, 110, 193, 193, 198, 202, 219 
Korean : priming, 242 ; war, 777, 788, 
830, 832 

Labour Party, 738, 761, 781, 787 F, 798 F 
1 .a hour Research Dept., 806 
l.ahour theory of value, 724 F, 730, 740 
Lagash, 92, 93 
Laisser-faire, 724, 725 
l^ancashire, 367 

Language: of animals, 639 ; origin of, 
89 , 43 

Latent heal, 416 f. 

loathe : pole, 116; slidc-rest, 427; screw¬ 
cutting, 427 

Law, 6, 72 F, 109, 165, 709, 714, 720, 
859 f. 

Lenses, 201 F, 240 F, 292, 326 f. 
l^evellers, 721 
Leviticus^ 708 

I^yden jar, 433, 434, 435, 436 
Leyden University, 360 
Light: wave theory, 327 F, 440, 530 
F, Linnean Society, 463 
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Literature, origin of, 107 f. 
Livcrpool-^Manchcstcr Railway, 419 
Locomotive engine, 389, 418 f. 
Lodcstone, 235 
Logic, 126 f., i34f,, 141 f. 

Logical positivism, B18, 821 f. 
Lombardy, 209, 212, 214, 244 
London School of Economics, 759 f. 
Longitude, 293, 321, 334 f. 

“ Loyalty ” oaths, 514, 583, 897 
Lullian mysticism, 221, 289 
Lunar Society, 373 f. 

Lyceum, 141; 147, 153, 314 

McCarthyisrn, 778, 783, 8(17 
Maccabees, 183 

Macedf)nians, 103, 141, 149, 1 152 

Machines, 5,4, 230 I., 425 f.; automatic, 
590 ; tools, 427 f., 560 
Madrasseh, 217, 715 
Magic, 34, 46 f., 36 f., 89 f., 113, 445 
Magnetism, 47, 235 f., 299 ff., 336, 431, 
874 

Magyars, 208, 214, 215 
Managerial Kevolution, 797 1 . 
Mandarins, 232 
Maniclia*ism, 187, 215, 71b 
Map, if)7 f,, 27G, 288 
Marginal tlicory of value, 730, 750 753, 
795 

Market research, 803 1 . 

Marxism: and science, s ii, 29, 83.3 f.; 
and science of society, 734 743, 82G. 
d 57 *'• . 

Mass-production, 428, 498, f,(>ol.; 

social clTects of, 3GB 
Materialism, 29 IT., 120 ff., 408, 424, 

736 

Mathematics: eighteemli-ccntury, 

383; Greek, 122 1 '., 129 f., 154 f.; 
Islamic, 199 ; as a language, 905 f.; 
medieval, 223 f., 244; modern, 

324, 391 ; origin of, 79 IT. ; He- 
nais.sanc<\ 296 f., 307, 321, 337 f., 
344 

Maya, 881 

Mechanics, 49, 158, 179, 223, 268, 

a 93 -a 97 . 3 o>. 334 - 343 » 3^3 

Mechanism, 649- G52 
Medicine: Greek, 130 IT., 161 f.; 
Islamic, 201 f. ; -man, 55 f,; 
modern, 608, 641, 647; nineteenth- 
century, 402, 472 ff., 478; primi¬ 
tive, 84; Renaissance, 267, 301 f., 
333 f.; social, 684 ff.; and war, 610 
Medieval: architecture, 229 f.; art, 
245, 265, 267; Church, 184, 214 ff., 
217, 226, 244., 717 f., 719; economy, 
see Feudal system; friars, 215!.; 
guilds, 244, 262; peasants, 163, 213, 
243, 718; philosojihy, 31, 137, 147, 


154,181,219 ff., 227 f., 256, 308, 350, 
3 % 7»7 7J9; science, 26, 31, 87, 

207, 2178’., 222-228, 245 ff., 234, 
280; technique, 105, 17G,'179, 213, 
228 242, 248, 252 f., 258, 283, 283, 
871; towns, 212 IT, 244; universi¬ 
ties, 217 ff. 

Mediterranean area, 100, 102, 104, 105, 
118, 1G2, 163, 17G, 189, 192, 194, 212, 
236, 880 

Menlo I'ark, 402, 544 
Merchants: Bronze Age, 71, 96; 882 ; 
Greek, 118, 149; Islamic, 195; 

medieval, 212, 232, 244 ; Renais¬ 
sance, 260, 304, 31 f, 320, 330, 
722 f.; Roman, 1G2 ; Syrian, 189 
Merton College, 223 
Meson, 528, 533, 539 f. 

Mesopotamia, 23, 3G, 39, G7, G8, 72, 77, 
79 , 92, 95 , 99 , 112, 114, 

132, 199, 2oG 
Metabolism, G30 

Metallurgy, 73, 86, 101 f., 264, 270 f., 
283 1., 428 T, 555 
Meteorology, 338 f. 

Methodism, 381, 731 
MicJiurinism, GG6-G72 passim 
Microbes, 472 
Microbiology, 412, 633 641 
Microscopt*, 302, 328, 469 f., 64.7 f. 
Military rrs«;arch, 475-4869 633 1 ., 
895 898; expenditure on, 495 f., 
585 i ., 895 f . 

Mill, 213, 232 T, 3G8, 421 
Minerals, 73, 133, 203, 223, 264, 270, 
554 573 

Mining, 74 f., 129, 232, 259, 2G4, 270, 
360, 414 ff. 

Moguls, 207, 248 
Molecular asymmetry, 435!., 471 
Money, 106, 260 f., 718, 723, 793 
Mongols, 20G 

Monophysites, 186, 188, 189 
Monopol)-, 286, 400, 479, 493 IT., 3f}4, 
3G2, 731, 760, 770 f., 795 f„ 807, 8G1, 

890 ff. 

Motion, theory of, 144, 147, 185, 221 f., 
239, 292-297, 329, 334 343 » 524 i'y 
530 f. 

Motor-car industry, 561 ff. 

Mule, spinning, 368 

Museum, Alexandria. See Alexandria 

Mutation, 663, 663 

Mysticism, 123 ff., 140, 167 f., 186, 197, 
203, 221, 528, 7H, 753, 79L ^^^ 7 , 

822, 887 f. 

Myths, 28 f., 47 f., 55, 65, 90, 109, 120, 
136, 140, 707 f., 791 

Nagasaki, 577 
Napalm, 579 


963 



SUBJECT INDEX 


Naples, 118, 217, 289 
Napoleonic Wars, 355, 381, 383 
National Health Service, 685 fl . 
National IMiysical Laboratory, 392 
National question, 828 
National resources, 573 IT. 

Natural law, 720 f. 

^Watiirphilosophii^ 383, 469 
Navigation, 7G, 238 1 '., 274 fL, 313, 345, 

34 ^^ 383 

Nazism, 507, 719, 780, 789, 829, 8.|9, 

879 

Neo-Malthusianistn, 3, G80 684, 790, 
862 

Neoplatonism, 130, 167, 183, l8(i, 197, 
219, 220 

Nervous system, 655 
Neslorians, 18G, 188 
Neurology, .|7f, 

Ncutnm, 534 1. 

Xeu Deal",'77!!. 779, 797 
New Lanark, 732 
New Stone Age, 3G, 38, 59 66 
Newcomen engine, 415 1. 

Norman architecture, 22(> 

Normans, 208, 233, 239 
Norsemen, 214 i\ 

Nuclear pliysit s. 532 542, 388 1 '. 

N11 rn 1 )ers, 79 1'., 12 2 f. 

Nutrition, 392, 476. G08 f. 

Nylon, 571 

Ol-vservatoire Royal, 3;;3 
()ccanography, 538 
Old Stone Age, 35-58; animal lore, 
42!’.; art, 43; clothing, 41 ; myths, 
47 5)5 5 rituals, 47!., 53; tools, 

39 1'.. Go r.; weap(.)ns, 33 
Oinayyads, 194!., 197 
OfKTatiorial res(’arch, 380 h, 803 IL 
Optics, 138, 20j, 240, 291, 321, 874 
Organic chemistry, 408, 412, 454 458, 
523, 554 . 1 '; 571 ff- 591 
Origin ol lil'e, 639 1 . 

Orphisrn, 124 

Oxibrd Movement, 399 

Oxford I'nivcrsity, 217, 222, 315, 371, 

392 

Oxygen, 331, 4498 

Padua University, 217, 218, 268, 278, 

292, 

Pagans, 163, 185 
Panama Canal, G03 
“ Pansophic College,” 314 
Papacy, 184, 21G, 2G0, 273, 298 
Paper, 241 

Paris, X, 221, :UL,:U 5 ’ 3 i 7 y 372 , 381; 

Commune, 765 L; University, 217 
Pathology, 268, 470 
Peasants’ War, 257 


Pedology, G11 
Pendulum, 333 i\ 

Penicillin, ix, 376, 643 fT. 

Peoples’ Democracies, 849-“833 
Pcricxlic table, 406, 323 
Persia, x, 37, 83, 103, 103, 108, no, 117, 
118, 128, 149, 130, ir>3, 1G3, I7(i, 177, 
178, 179, 181, 188, 189, 192, 194, 19G, 
203, 207 

Perspec tive*, 138, 265 f. 

Pharaoh, 70, 72, 93 
I’haris<*<*s, 183 

Philosophers and j)hilosophy : Classi¬ 
cal, 119 r., 134 f., 150 r. ; and early 
Christianity, 187; <‘ighteenth-c<‘n- 
tury, 3G.}, 383 ; Islamic, 198; medi- 
<*val, 217 221 ; modern, 79(^ f., 
817 r., 821 1., 908 912; nineteenth- 
ceiiuiry, 735-737, 7r):i /f)*', 76* 764; 
Rc'fiaissance, 287 j., 304, 310, 320, 
844 

Phtlosophcs, 361, 371, 372, 373, 37(), 383, 
888, 72G 

Plilogiston, 446-451 
Plurnicia, 104, 107, 108, i()2 
Photon. 520 f. 

Photosynthesis, G22 1 . 

Physics : and t lietnisiry, 33(); (‘risis in, 
341 1 ',, 394 IF. ; eigliteenth- and 

nineteenth-century, 4i(), 420 424, 

431- 440 ; future of, 587 590 ; Greek, 
141 t'., 157 f’. ; medieval, 228 5 

primitive, 30; Renaissance, 295; 
tvvenli(*tfi-century revolution in, 512 
55 * 

Physiocrats, 723 

Physiology, 83, iGi, 301, 322-323, 333, 
45*9 475 * ^> 58 . 

Planetary motion, 290 f., 297, 336^- 
343 

Planning, economic, 827 f., 836-^39 
Plastics, 371 r. 

Platonism, 10, 183, 18G, 218, 219, 221, 
-’Go, 338, 397, 699, 703, 821 
IMough, 77, 93 f., 103 1. 

Pneumatic Revolution, 35G, 3(>5, 373, 
384, 411, 447 f. 

Pneumatics, 321, 329 fl. 

” Point Four ” programme, 827, 898 
Poland, 278 F., 282, 287, 291, 312. Sec 
aim Peoples’ DeriU)rracies 
Political science, 713 F., 717, 719, 

721 f., 797 F., 860 
Polymers, 571 f., 389. 391 F. 

Population, 386, 468, 680 ff-, 729 

924 

Portugal, 239, 273, 277, 282, 312 
Positive electron, 333 
Positivism, 423 t', 328, 594 f., 737, 

755 F., 801, 911 
Pottery, 63, 86, 113, 179, 373 
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Power loom, 3G8 
Power station, 443 
Pragmatism, 754, 81B 
Preiahrication, 

Pre-Raphaelites, 399 

Priests, 69 f., 87 f., 92 f., 184, 874 

Printing, 241 f. 

Private properly, 82 
Produelive forces and relations, 24, 
618 f., 628 IP, 896, 738 r., 882, 888 
Proteins, 818 P, 628 fP 
Proton : hydrogi n nucleus, 5)3,3, 335, P, 

r>T> 

Pro\t*nce, 212, 225) 

]*sycho-analysis, 88f), 75)8, 818 P 
l\syc hology, 85)9 I., 718, 814 f'., 85,9 
Puritanism, 187, 315,, 322 
Pyramids, 78, 81, 87, 885, 

(^.uantiim tlu'cjry, 520, 5)29 fP; of 

valency, 535 l\ 

Racial theory, 749 P 

Rachy, 5)43, 545 P, 5,47, 576, 379 

Raditjat livily, 5188., 333; artificial. 

Radio-astronomy, 546, 389 

Radium, 5)19 

Railways, 284^ 4 /® 

Rationalism, 818, 927 P 
Reason, 48 P, 113, r2(), 146, 199, 219, 
221, 304-3*03 age op 385 f., 

72!) fP ; reaction against, 129, 733, 
790 f'., 818 

Rc(i Army, 381, 828 P, 849 
Reformation, 187, 214., 218, 242, 232, 
^5;^ '<255^ 281, 273, 2<)8, 304. 

718 ir. 

Retorin Bill, 387 
Rel'onnism, 787 fP 
Refrigeration, 477 P, 809 
Relativity theory, 524 fP, 528 P 
Religion ; Broir/t‘ Age, 89 ; Gr<‘ek, 119, 
131; Hebrew, 108 182; Islamic, 

192 P, 197 P; medieval, 214-223; 
neolithic, 83 P; organized, 167, 
184 IP ; origins oi”, 48 P, 57; and 
reaction, 730; Reformation, 280 
Renaissance, 257-281 ; art and technique, 
261 IP, 283 IP., 288 11 ., 282; astro¬ 
nomy, viii, 137, 200, 223, 274 P, 
278 fP; chemistry, 272 fP; human¬ 
ism, 173, 218, 229, 25,9 ff., 719 P; 
literature, 242; mathematics, 298 P; 
medicine, 287 P, 301, .|.03, 470; 
metallurgy, 284, 270 IP; and science, 
X, xiv, 31, 33, 1 16, 11 7, 128, 140, 148, 

»r)3i *59» *75' *9*. *96, *97' 

208 P, 222, 232, 253 IP, 280 P, 289, 
35«» 35®' ®7*V voyages of dis¬ 
covery, 158, 274 -278, 281P 


Research ; in Classical times, 147, 132 ; 
dePinilion of, 18, 145; laboratories, 
394 ' 407? 43 ®; organization, 495 P, 
^ 5*4' ®93 ; strategy of, 919 

Respiration, 452, 632 1. 

Restoration, 235, 317, 

Rheology, 388 

Ritual, 47 P, 5)1, 55 P, 85, 82, 707 ff. 

Rochdale Pioneers, 733 

Rockets, 383 f., 380 

Rcmian Empire : agriculture, 185 ; and 


Arabs 

, 194, 

203 

; arch i lei 

f'ture, 

, 118, 

183; V 

ivilizatiori, 

TOO, 103, 

103, ] 

107 P, 

162 169, I 

70; 

collapse, 

118, 

18(>, 

169,1 


208; 

fainilv, 

* ®5 ; 

law, 

*®5 P- 

. 714I 

.; science, 161 

> 



Roihamsted, 439, 477 
Royal College of Sc ience, 393 
Royal Institution, 382, 383, 394 
Royal Observatory, 3;^3 
Royal Society: attitude to social 
sciences, 317, 893. 721; in eighteenth 
century, 358 P, 384, 434; foundrition 
of, 288, 303, 313 324 passim; and 
Newton, 340; in nineteenth century, 
891 ' 89 - ^ 

Ruskin College, 812 
Russia, 201, 208, 209, 25)8, 282, 28, 
312, 382, 37 *r. 379 , 4 <> 4 ' T> 5 ' 4 f> 7 - 
Sec also Soviet Union 
Russian Revolution, 403, 303, 781 
770 f. 

Salerno, 189, 217, 239 
Sanitation, 474, 609 
Sassaniaa Empire, 178, 188 
Sceptics, 131 
Schoolmen, 260, 870 
Science : application of, 501 P; and art, 
18 P, 19; birth of abstract, iiif.; 
and capitalism, xi, 7, 231 f., 343 -343. 
352, 3(i3, 408, 479 ff., 588, 843, 87(), 
891 fP, 913, 917 1 .; co-opcralion in, 
907 P; and culture, 399; cumulative 
tradition of, 18-22; definition of, ix, 
4; and dogma, 183 fP; and econo¬ 
mic development, 873-880; and en¬ 
gineering. 171'., 387; freedom of, i, 
912 922 passim; and PVench Revolu¬ 
tion, 379-3®4; and history, vii, xii, 
35)5; and human welfare, 3, 382 f',, 
573> *^79 903, 907, 92','; and 

Imperialism, 493 f.; in the Indus¬ 
trial Rev^olution, 384 fP., 879; and 
industry, 371, 373 P, 378, 497, 586 P, 
891 ff.; as an institution, 6-10, 
318 fP; language of, 13!'., 905 P; 
and law, 19; and magic, 33, 89 fl'; 
and the means of production, 22-27; 
militarization of, i, 8, 5>82 fP, 5)89 IP; 
and mysticism, 124 P, 5271., 734, 
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822; organization of, 391, 912-923 
passim ; origin of quantitative, 7B-87; 
origins of, 34-58 passim; origins 
of modern, 252, 254, 285; and 
philosophy, ix, 19, 35, 908-912; 
and planning, 15, 503!'., 573, 901 f., 
914; popular, 394, 921 f.; pure, 8, 
*7? 485; and religion, 19, 35, 308, 
342; role of great men, 21 f., 878 f.; 
secrecy in, i, 514, 539, 897; and 
socialism, 498 f., 508, 900 ff.; and 
sociciv, vii, xi, 3, 31 fh, 509, 8(i6- 
873, 875 fl'-. 884 -888, 928 f.; stra¬ 
tegy of, 14 f., 505 f.; and technique, 
ix, 20f., 114 if., 251 f, 345, 354f, 
886-880; in the transition to feudal¬ 
ism, 178-207; in under-developed 
countries, 898 fl'.; in the universities, 
393 562 if; and war, x, 2, 400, 

r>n3, r)H» 575-587; '^■t>rld^s need of, 
922-929 

Scientific: apparatus, i2f.; classifica¬ 
tion, II f., 5of.; congresses, 585; dis¬ 
coveries, 21, 28, 437 f., 492, 518, 644 
f.; education, 288, 380, 812; laws, 
13,28; management, 809; m<*:isurc- 
mcnt, II f.; medicine, 402 ff; 
method, io-i8, 246; societies, 305, 
313-321, 351, 366, 392 f. 

Scientific Revolution, the, 253 ff, 
257-351 ; astronomy in, 289 ff'., 345 ; 
bioIog>' in, 333 1 . ; chemistry in, 
331 f.; coal in, 284 f.; mechanics in, 
334 343 » 345 

ScieniLsts, organization of, 9191!.; 
responsibility of, 1, 3, 9, 40B, 5061., 
921, 924; scventcfiith-cenlury, 344; 
social position of, 484 f. 

Scotists, 219, 221, 308 
Scotland, 473; and Industrial Revolu¬ 
tion, 23, 3^f, 371, 373; imiversi- 
lies, 380 
Scribes, 88 f. 

Scythians, 102 

Servo-mechanisms, 497, 547 f., 862 
Ship, 76, 104, 389, 419 
Sicily, 118, 218, 239 
Slavery, 70 f, 97 f, 162 fT. 

Slavs, 208, 209 
Smallpox, 472 f 
Smiths, 75, 94, loa, 234, 428 
Social democracy, 765, 767 ff., 780, 
785, 837 ; Social Democratic Federa- 
tion, 742, 758, 769 
Social medicine, 684 f. 

Social sciences, 693-864; in antiquity, 
7<^7~7^5; application of, 799-809; 
backward state of, 696 ff ; and birth 
of capitalism, 761, 793-799; under 
capitalism, 761, 793-799; corruption 
of, 808 f; and early churches, 71 5 ff; 


future of, 856-864; Greek, 712 ff.; 
historic element in, 702 ff; methods 
of, 706 f.; and natural science, 695 f., 
704 f.; of schoolmen, 717; and social 
change, 700, 777 f; under socialism, 
824-849 

Social survey, 758 f., 801 ff. 

Socialism, xi, 481, 492 f, 701 f, 766, 
775 f.; rise of, 398 f, 733 ^7 756 f.; 
and science, 26, 503; scientific, 764. 
See also Soviet Union 
Society; origins of, 38, 43 fl'., 707 f.; 
theories of, 133, 710 if, 726, 727, 

741 

Sociology, 746 f., 759, 800, 846, 853 
Soil science, 392, 573 f., 611 
Solvay process, 459 

Soviet Union : Academy of Science, 901 
f; attitude to liistory, 832-834; 
automatic factory, 590; Inological 
science, 665-673 passim; Cammumist 
Party, 825; controversies in, 665 
673, 842 ff, 914; economic science, 
837!'.; education, 830-832, 841!'.; 
planning, 836-839; psychology in, 
835; scitmee in, 29, 496 f., 500, 504, 
541, 574, 842, 900 ff.; Second World 
War, 828!'.; social responsibility, 
839-841; social .s( ience, 830 849; 
transformation ol Nature, 677 fl'.. 
B44, 848, 913; transition to rt»m- 
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